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Abstract 

 

Air source heat pumps (ASHPs) have been widely used worldwide as an energy 

efficient and environmental friendly means for indoor environmental control. 

However, when an ASHP unit operates in heating mode, frost may be accumulated 

on the surface of its outdoor coil. Frosting deteriorates its operational performance 

and energy efficiency, and therefore periodic defrosting becomes necessary.  

 

Currently, the most widely used standard defrosting method for ASHPs is reverse 

cycle defrost. However, a fundamental problem for such a method is that there is 

insufficient heat available for defrosting, which leads to a number of associated 

operational problems including low-pressure cut-off or wet compression, a 

prolonged defrosting duration, the risk of having a lower air temperature inside a 

heated space without heating being provided during defrosting and longer transition 

from defrosting to heating-resumption, etc. On the other hand, for an outdoor coil 

used in an ASHP, on its refrigerant side, multiple parallel circuits are commonly used 

for minimized refrigerant pressure loss and enhanced heat transfer efficiency. On its 

airside, however, there is usually no segmentation corresponding to the number of 

refrigerant circuit. Consequently, uneven defrosting over the entire airside surface of 

the multi-circuit outdoor coil possibly caused by the downwards flowing of melted 

frost due to gravity is likely to occur. Therefore, it is necessary both to develop a 

novel thermal energy storage (TES) based reverse cycle defrosting method for 
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ASHPs so as to address the fundamental problem of inadequate heat available for 

defrosting through TES technology, and to study the defrosting performance on the 

airside surface of a multi-circuit outdoor coil. 

 

This thesis begins with reporting the development of a novel TES-based reverse 

cycle defrosting method using phase change material (PCM). The operating 

performances of an experimental ASHP unit using the novel TES-based reverse 

cycle defrosting method have been experimentally studied. The measured operating 

performances on the refrigerant side of the experimental ASHP unit are firstly 

reported. Three operating modes at which extensive experiments were carried out for 

the experimental ASHP unit, namely, standard heating and reverse cycle defrosting, 

parallel TES-based heating and reverse cycle defrosting, and finally serial 

TES-based heating and reverse cycle defrosting, are detailed. The experimental 

results on the refrigerant side performances of the experimental ASHP unit suggested 

that the use of the novel TES-based reverse cycle defrosting method would result in 

a number of advantages, including a smoother transition from defrosting to space 

heating resumption, an enhanced operational reliability and reduced energy 

consumption. 

 

Secondly, the thesis presents the operational performances on the airside of the 

experimental ASHP unit during the three operating modes, as well as the indoor 

thermal comfort characteristics during the use of the TES-based reverse cycle 



 iv 

defrosting method. The well-known Fanger’s thermal comfort model is briefly 

introduced, with appropriate assumptions and simplifications. This is followed by 

reporting the measured indoor thermal parameters that were necessary for evaluating 

indoor thermal comfort under the standard reverse cycle defrosting method and the 

TES-based reverse cycle defrosting method. The experimental results on the airside 

performances of the ASHP unit and the evaluated indoor thermal comfort indexes 

(PMV and PPD) clearly suggested that the use of the novel TES-based reverse cycle 

defrosting method would lead to a shorter defrosting duration, a higher indoor air 

temperature and consequently, occupants’ indoor thermal comfort can be 

significantly improved during a reverse cycle defrosting operation. 

 

Thirdly, the thesis reports on a study on the airside defrosting performance of an on 

outdoor coil having four parallel circuits in the experimental ASHP unit, with a 

particular focus on studying the impact of allowing melted frost to flow downwards 

freely due to gravity along the coil surface on defrosting performance, using both 

experimental and modeling analysis approaches. The experimental part of the study 

is firstly reported. It was observed that defrosting was quicker on the airside of the 

upper circuits than that on the lower circuits in the four-circuit outdoor coil. The 

effects of downwards flowing of the melted frost along a multi-circuit outdoor coil 

surface in an ASHP unit on defrosting performance were discussed. The defrosting 

efficiency for the experimental ASHP unit was evaluated. 
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Then the modeling analysis part of the study is presented. A semi-empirical 

defrosting model for the four-circuit outdoor coil in the experimental ASHP unit, the 

first of its kind, was developed based on the fundamentals of mass and energy 

conservation, and using the experimental data. The model was validated by 

comparing the predicted defrosting duration and the temperature variation of the 

collected melted frost with the corresponding experimental results. Using the 

validated model, the negative effects of downwards flowing of the melted frost along 

the surface of a multi-circuit outdoor coil on defrosting performance were 

quantitatively analyzed and are reported. The model developed provided a useful 

tool for studying and understanding the effects of downwards flowing melted frost 

on the defrosting performance in the multi-circuit outdoor coil of an ASHP unit. 

 

Finally, an experimental investigation on reverse cycle defrosting operation for the 

experimental ASHP unit when using an EEV as a refrigerant flow throttle regulator 

is reported. Comparative experiments under two control strategies for the EEV, i.e., 

the EEV being fully open and the EEV being regulated by a degree of refrigerant 

superheat (DS) controller during defrosting, were conducted. The experimental 

results revealed that when the EEV was regulated by the DS controller during 

defrosting, a higher defrosting efficiency and less heat wastage would be resulted in. 
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Chapter 1 

Introduction 

 

The development of air conditioning and heat pump technology is a natural 

consequence to both pursuing high quality living and working environment, and at 

the same time addressing the issue of sustainability. Air source heat pumps (ASHPs) 

have been widely used for space cooling in summer and space heating in winter for 

many years, due to their distinguished advantages of energy saving and 

environmental protection. However, when an ASHP is used for space heating, frost 

may be formed on its outdoor unit’s coil surface. Frosting deteriorates its operational 

performance and energy efficiency, and reduces its output heating capacity, therefore 

periodic defrosting is necessary. Defrosting may be realized by a number of methods 

including compressor shut-down, electric heating, hot gas by-pass and reverse cycle.  

 

Currently, the most widely used standard defrosting method is reverse cycle defrost. 

When a space heating ASHP is operated at a reverse cycle defrost mode, its outdoor 

coil acts as a condenser and its indoor coil as an evaporator. Hence during defrosting, 

a space heating ASHP unit may actually cool a space, degrading indoor thermal 

comfort while consuming electrical energy for melting frost. Therefore, a defrosting 

period should be controlled to as short as possible. Also, during defrosting, the 

indoor air fan in an ASHP unit is normally switched off to avoid blowing cold air 

directly to a heated indoor space, affecting thermal comfort of occupants. In this case, 

the energy to melt frost mainly comes from the input work to compressor and is thus 

not sufficient for quick defrosting. Insufficient heat available during defrosting is 

currently a fundamental problem as far as reverse cycle defrost is concerned, with 
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which a number of operational problems during defrosting for ASHPs are associated. 

These includes: low-pressure cut-off or wet compression, a prolonged defrosting 

duration, the risk of having a lower air temperature inside a heated space without 

heating being provided during defrosting and longer transition from defrosting to 

heating-resumption, etc. Furthermore, during defrosting, while most melted frost 

drains off from a finned outdoor coil surface, the surface may however retain 

residual water which must be removed to prevent it from becoming ice when the 

ASHP returns to heating mode. Therefore a complete defrosting process covers both 

melting frost and drying coil surface. On the other hand, for an outdoor coil used in 

an ASHP, on its refrigerant side, multiple parallel circuits are commonly used for 

minimized refrigerant pressure loss and enhanced heat transfer efficiency. On its 

airside, however, there is usually no segmentation corresponding to the number of 

refrigerant circuit. Consequently, uneven defrosting over the entire airside of the 

multi-circuit outdoor coil possibly caused by the downwards flowing of melted frost 

due to gravity is likely to occur. 

 

In order to improve reverse cycle defrosting performance, thus minimize or even 

eliminate the operational problems mentioned above, and with the wide-spread 

applications of TES in building HVAC systems, it is necessary to develop a novel 

thermal energy storage (TES) based reverse cycle defrosting method for an 

experimental ASHP unit to address the fundamental problem of inadequate heat 

available for defrosting through TES technology, and study the defrosting 

performance on the surface of multi-circuit outdoor coil. 

 

The thesis begins with an extensive literature review on the operating performance of 
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ASHPs under both frosting and defrosting conditions. A review of the previous 

related studies on defrosting performance of ASHPs is reported, covering defrosting 

methods and their control, with a particular emphasis on reverse cycle defrosting. 

This is followed by reviewing the previous related studies on improving the 

operational performance for ASHPs during both frosting and defrosting operations. A 

brief review of the previous work related to applying TES to heat pump systems is 

also included. A number of important issues where further extensive research work 

in achieving a better defrosting performance for ASHPs have been identified and are 

summarized. These issues are the expected targets of the investigation reported in 

this thesis. 

 

The research proposal covering the aims and objectives, the project title and the 

methodologies adopted in this project is presented in Chapter 3. 

 

Chapter 4 describes an ASHP experimental setup to facilitate carrying out the research 

work reported in this thesis. Detailed descriptions of the experimental setup and its 

major components are firstly given. This is followed by reporting the computerized 

measuring devices and a data acquisition system (DAS). The control for the refrigerant 

degree of superheat at compressor suction is also explained. The availability of the 

ASHP experimental setup is expected to be very essential in successfully carrying out 

the research work proposed in Chapter 3. 

 

In order to solve the fundamental problem of insufficient heat available during 

reverse cycle defrosting, a novel TES-based reverse cycle defrosting method using 

phase change material (PCM) has been developed for ASHPs, and the operating 
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performances of the experimental ASHP unit using the novel TES-based reverse 

cycle defrosting method have been experimentally studied. Chapter 5 presents the 

measured operating performances on the refrigerant side of the experimental ASHP 

unit. Three operating modes, at which extensive experiments were carried out, for 

the experimental ASHP unit, namely, standard heating and reverse cycle defrosting, 

parallel TES-based heating and reverse cycle defrosting, and finally serial TES-based 

heating and reverse cycle defrosting, are detailed. The experimental results on the 

refrigerant side performances of the experimental ASHP unit suggested that the use 

of the novel TES-based reverse cycle defrosting method would lead to a number of 

advantages, including a smoother transition from defrosting to space heating 

resumption, an enhanced operational reliablity and reduced energy consumption. 

 

Chapter 6 reports on the operational performances on the airside of the experimental 

ASHP unit during the three operating modes, as well as the indoor thermal comfort 

characteristics during the use of the TES-based reverse cycle defrosting method. The 

well-known Fanger’s thermal comfort model is briefly introduced, with appropriate 

assumptions and simplifications. This is followed by reporting the measured indoor 

thermal parameters that were necessary for evaluating indoor thermal comfort under 

the standard reverse cycle defrosting method and the TES-based reverse cycle 

defrosting method. The experimental results of the airside performances of the ASHP 

unit and the evaluated indoor thermal comfort indexes (PMV and PPD) clearly 

suggested that the use of the novel TES-based reverse cycle defrosting method 

would lead to a shorter defrosting duration, a higher indoor air temperature and 

consequently, occupants’ indoor thermal comfort can be significantly improved 

during a reverse cycle defrosting operation. 
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A study on the defrosting performance of the four-circuit outdoor coil in the 

experimental ASHP unit, with a particular focus on studying the impact of allowing 

melted frost to flow downwards freely due to gravity along the coil surface on 

defrosting performance, has been carried out, using both experimental and modeling 

analysis approaches. The study is reported in Chapter 7 and Chapter 8. Chapter 7 

presents the experimental part of the study. It was observed that defrosting was 

quicker on the airside of the upper circuits than that on the lower circuits in the 

four-parallel circuit outdoor coil. The effects of downwards flowing of the melted 

frost along a multi-circuit outdoor coil surface in an ASHP unit on defrosting 

performance were discussed. The defrosting efficiency for the experimental ASHP 

unit was evaluated. 

 

Chapter 8 reports on the modeling analysis part of the study. A semi-empirical 

defrosting model for the four-circuit outdoor coil of the experimental ASHP unit, the 

first of its kind, was developed based on the fundamentals of mass and energy 

conservation, and using the experimental data reported in Chapter 7. The model was 

validated by comparing the predicted defrosting duration and the temperature 

variation of the collected melted frost with the corresponding experimental results 

reported in Chapter 7. Using the validated model, the negative effects of downwards 

flowing of the melted frost along the surface of a multi-circuit outdoor coil on 

defrosting performance were quantitatively analyzed and are reported. The model 

developed provided a useful tool for studying and understanding the effects of 

downwards flowing melted frost on the defrosting performance in the multi-circuit 

outdoor coil of an ASHP unit. 
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Chapter 9 presents an experimental investigation on reverse cycle defrosting 

operation for the experimental ASHP unit using an EEV as a refrigerant flow throttle 

regulator. Comparative experiments under two control strategies for the EEV, i.e., 

the EEV being fully open and the EEV being regulated by a degree of refrigerant 

superheat (DS) controller during defrosting, were conducted. The experimental 

results revealed that when the EEV was regulated by the DS controller during 

defrosting, a higher defrosting efficiency and less heat wastage would be resulted in. 

 

The conclusions of the thesis and the proposed future work are presented in the final 

Chapter. 
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Chapter 2 

Literature Review 

 

2.1 Introduction 

 

A heat pump unit is an environmentally friendly and reliable means to maintain 

thermal comfort level in an indoor space, and can be used for both heating and cooling. 

During a cooling season, it transfers heat from the indoor space to a heat sink, in the 

same way as an air conditioner dose. During a heating season, it extracts heat from a 

heat source such as ambient air, waste water, etc, and delivers the extracted heat 

energy to the indoor conditioned space. With the rising cost of energy being at the 

forefront of world attention, there has been a growing interest in heat pump 

technology as a means to save energy, as it offers one of the most practicable solutions 

to the mitigation of greenhouse emissions. Studies have shown the potential of using 

heat pumps to drastically reduce greenhouse gases emissions for space heating and for 

heat generation. From a global point of view, over 90% of the world population 

resides in the regions where heat pumps can be suitably used for indoor environmental 

control. Almost for the whole Pacific region including the highly urbanized areas in 

both China and Japan except during extremely cold winter [Nishimura 2002], the use 

of heat pumps for space heating in winter is appropriate.  

 

A number of heat sources are available for heat pumps, such as air, and geothermal 
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sources, including underground water and soil, etc. On the other hand, air and water 

are the common mediums used for space heating. Therefore, air-air heat pumps 

(AAHPs), air-water heat pumps, water-air heat pumps, water-water heat pumps, 

ground-air heat pumps, and ground-water heat pumps are commonly seen in building 

heating, ventilation and air conditioning (HVAC) applications. 

 

Air source heat pumps (ASHPs) are relatively easy and inexpensive to install and 

have therefore historically been the most widely used heat pump type. In 1970’s the 

National Bureau of Standards in the US conducted extensive tests on residential heat 

pumps. Their tests revealed two effects that significantly degraded heat pump 

performance: (1) the ‘cycling effect’ resulting from the need to establish a dynamic 

equilibrium during the off-cycle, and (2) the ‘frosting effect’ on outdoor coils, which 

increased both the heat conduction resistance and the air flow passage resistance 

during heating operation [Kelly and Bean 1977]. Since then, extensive experimental 

and theoretical investigations have been carried out on ASHPs to study their 

operating performances under frosting and/or defrosting conditions. 

 

In this Chapter, a comprehensive literature review on the operating performances of 

ASHPs under both frosting and defrosting conditions and other related issues is 

presented. Firstly, a review on the performance degradation due to frost formation on 

the outdoor coil of ASHPs, covering both experimental and numerical studies, is 

reported. Secondly, a review of the previous studies on defrosting performance of 
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ASHPs is presented, including defrosting methods and their control, with a particular 

emphasis on reverse cycle defrosting. Thirdly, a review of the previous related 

studies on the improvements for ASHPs with respect to frosting and defrosting is 

presented. This is followed by reporting the review of the previous work related to 

applying thermal energy storage (TES) to heat pump technology. Finally, a number 

of important issues where further extensive research work is required have been 

identified and are summarized. It is expected that successfully studying these issues 

will help to solve some fundamental problems related to the defrosting methods for 

ASHPs currently used, so as to contribute to the development of heat pump 

technology.  

 

 

2.2 The operating performance of ASHPs under frosting condition 

 

Frost formation on the outdoor coil of a space heating ASHP unit deteriorates its 

operating performance and energy efficiency, which has attracted a lot of research 

interest over the past many years. A large number of experimental and theoretical 

investigations on the subject have been reported.  
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2.2.1 Experimental studies on frost formation process and its effects of on the 

performance of ASHPs 

 

2.2.1.1 Mechanisms of frost formation 

 

The mechanism for frost growth is the diffusion of water onto cold surfaces due to 

the difference between the water vapor concentration of an air stream and that of the 

surface of a frost layer [Sanders 1974]. The water mass that is transferred to the frost 

surface creates two distinct effects in the frost layer. A portion of the water vapor is 

deposited onto the frost layer, thereby contributing to the further frost growth while 

the remainder of the water vapor diffuses into the frost layer where it changes phase 

and increases the density of the frost.  

 

The early experimental studies on frosting concentrated on frost properties, 

mechanism of frost growth and heat transfer in different types of heat exchanger were 

carried out, covering: flat plate [Yonko et al. 1967, Jones and Parker 1975, Mao et al. 

1999, Cheng and Shiu 2002, Kwon et al. 2006], vertical plate [Fossa and Tanda 2002, 

Lee and Ro 2002], vertical channel [Tanda and Fossa 2006], parallel plates [Lüer and 

Beer 2000], horizontal cylinder [Lee and Ro 2001, Mago and Sherif 2003]. A typical 

frost growth process was described by Hayashi et al. [1977]. An initial 

one-dimensional crystal growth period was followed by a frost layer growth period. 

Finally, a so-called frost layer full-growth period concluded a frost growth process. 
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Each growth period was characterized by specific values of frost density which in turn 

affected the other frost properties, such as thickness, thermal conductivity, etc. 

 

Many researchers have also studied the influences of ambient conditions and the 

surface temperature of a heat exchanger on frost growth. Nowadays, it is commonly 

acknowledged that frost formation on the surface of a heat exchanger is associated 

with the following factors: 

 

• Heat exchanger:  

1) The structure: rim effects, fin pitch, surface roughness, tube arrangement;  

2) The surface temperature of a heat exchanger.  

• Air flow: temperature, humidity and flow rate. 

• Frosting duration. 

 

 

2.2.1.2 Frost formation process on the surface of a heat exchanger 

 

Frost formation on the surface of a heat exchanger is a complex process because of the 

continuous changes in frost properties and the air-frost interface temperature, with 

respects to both time and position, during the growth of a frost layer.  

 

The drops in both overall heat transfer coefficient and airside pressure are the two 



 12 

major concerns, because not only they are the two important factors used in evaluating 

the performance of a heat exchanger, but also frost growth may be quantitatively 

evaluated by airside pressure drop across the heat exchanger. As reported by Emery 

and Siegel [1990], 50–75% decrease in heat transfer and a substantial increase in 

pressure drop were caused by frost formation on a compact heat exchanger. Moreover, 

the effects of ambient air and the geometrical parameters of a heat exchanger on frost 

growth have been studied comprehensively. Kondepudi and O’Neal [1989] 

experimentally studied the effects of frost growth on the performance of louvered 

finned-tube heat exchangers. It was reported that frost growth, pressure drop and heat 

transfer coefficient increased with air humidity, air velocity and fin density. Thereafter, 

Kondepudi and O’Neal [1990] compared the performance of finned-tube heat 

exchangers with that of other heat exchangers having different fin configurations. It 

was found that the heat exchangers with louvered fins had the best thermal 

performance under frosting conditions, followed by those with wavy fins and flat fins. 

Rite and Crawford [1991a, 1991b] investigated the effects of different ambient and 

operational parameters on frost formation of the finned-tube evaporator used in a 

domestic refrigerator-freezer. They concluded that frosting rate increased at a higher 

air humidity, or a higher air temperature, or a higher air flow rate and a lower 

refrigerant evaporating temperature. The overall heat transfer coefficient, or UA value, 

and the airside pressure drop also increased with the growth of frost on the evaporator 

coil surface at a constant air flow rate. Yan et al. [2003] experimentally investigated 

the performances of a flat plate finned-tube heat exchanger operated under frosting 
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conditions. Air flow rate remained unchanged during each test. It was shown that frost 

formation was faster at a lower air flow rate (which contradicted to what Kondepudi 

and O’Neal [1989], and Rite and Crawford [1991a, 1991b] reported). The results also 

showed that an increase in air temperature at different ranges of ambient temperature 

would have different effects on frost growth as evaluated by the pressure drop across 

the heat exchanger. When the ambient air temperature was increased from 2.5 to 5 oC, 

the amount of frost was increased. However, on the contrary, when it was increased 

from 5 to 7.5 oC, the amount of frost was actually decreased. The performance of a 

heat exchanger was not significantly affected when its fin pitch was increased. Yan et 

al. [2005] studied the operating performance of frosted finned-tube heat exchangers 

with three different types of fins, namely, flat plate fins, one-sided louver fins and 

re-direction louver fins. The effects of air flow rate, inlet air relative humidity, 

refrigerant evaporating temperature and different types of fins on the thermofluid 

characteristics of the heat exchangers were discussed. It was also pointed out that the 

amount of frost formation was the highest when re-directional louver fins was used. 

Xia et al. [2006] studied the airside thermal-hydraulic performances of a 

louvered-finned flat-tube heat exchanger under frosting, defrosting and refrosting 

conditions. The overall heat transfer coefficient, pressure drop, j and f factors were 

compared with those of a fold-louvered-fin, micro-channel heat exchanger. 

Comparison results showed a decrease in the overall heat transfer coefficient and an 

increase in pressure drop during a frosting process. Both the reduction in airside flow 

rate and the bridging of louver gaps by frost significantly reduced the airside heat 
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transfer coefficient as frost accumulated. For heat exchangers with a large fin length, 

their averaged UA value per unit volume of heat exchanger was much lower. The 

study results also suggested that the pressure drop across a heat exchanger during 

refrosting was largely affected by the water retained on the surface of the heat 

exchanger. 

  

The previous experimental studies reviewed above described the impacts of ambient 

parameters, such as air temperature, relative humidity, air velocity and geometrical 

parameters of a finned-tube heat exchanger, such as fin spacing, fin and tube 

arrangements on frost growth and the operating thermal performance of the 

finned-tube heat exchanger.  

 

It appeared that there were different results from previous studies related to frosting. 

This may well be due to the strong dependence of frost thermal properties on 

individual experimental conditions. Albeit the differences, almost all of the previous 

experimental studies gave the similar conclusions regarding the effect of inlet air 

relative humidity and fin spacing on the performance of a finned-tube heat exchanger 

under frosting conditions. These results may be summarized as follows: 

 

• Higher inlet air relative humidity led to a faster frost formation on, and thus a 

greater pressure drop, across a heat exchanger.  

• The effect of frost growth on the operating performance of a finned-tube heat 
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exchanger decreased significantly as its fin pitch increased. 

 

 

2.2.1.3 Frost formation on the outdoor coil surfaces in ASHPs 

 

As discussed above, frost formation on the surfaces of a heat exchanger would 

deteriorate its operating performance. In an ASHP unit, frost formation and 

accumulation on its outdoor coil or evaporator surface would affect its operating 

parameters, such as evaporating and condensing temperatures, which would in turn 

affect frost formation. It has been commonly acknowledged that frost formation and 

accumulation on evaporator surfaces have two main consequences for ASHPs. Firstly, 

the accumulation of large amounts of frost would deteriorate the heat transfer 

performance of an evaporator by fouling its outside surface since the frost itself had a 

low thermal conductivity [Stoecker 1957, Machielsen and Kerschbaumer 1989]. With 

a deteriorated heat transfer performance, the evaporator’s capacity would decrease. 

To meet the specified heating requirement, its evaporating temperature must be 

decreased which further reduced system efficiency. Secondly, frost impeded airflow 

through an outdoor coil, leading to an increased fan energy consumption and a 

reduced air flow rate through the evaporator [Stoecker 1957, Barrow 1985, Seker et 

al. 2004b, Yao et al. 2004].  

 

From the open literature available, much research work has been carried out to 
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investigate the operating performance of ASHPs under frosting conditions. 

Domingorena and Ball [1980] investigated the performance of a 3-ton AAHP in 

heating mode. They concluded that under frosting conditions, airflow through the 

outdoor coil of the AAHP decreased substantially, with a concurrent rapid decreases in 

compressor discharge and suction pressures, and refrigerant flow rate. However, He et 

al. [2003], Ding et al. [2004] and Wang et al. [2011] reported that the discharge 

temperature/pressures were increased during frosting, which may be caused by 

different expansion devices used in experiments. Ameen [1993] pointed out that the 

decreased refrigerant evaporating temperature and the decreased refrigerant density at 

compressor suction during frosting would lead to a reduction in both refrigerant flow 

rate and compressor power input. Huang et al. [2007] tested the dynamic 

characteristics of an air-to-water heat pump with a multi-circuit evaporator controlled 

by a thermostatic expansion valve (TEV) under the frosting/defrosting conditions. The 

experimental results showed that airflow maldistribution over the outdoor coil would 

result in intermittent or unceased hunting during frosting. Guo et al. [2008] considered 

that frost growth on an outdoor coil surface of an experimental ASHP unit may be 

divided into three stages. In the first stage, the performance of the ASHP unit was 

improved due to the rough surface formed by an initial frost layer, similar to those 

reported by Stoecker [1957], Hosoda and Uzuhashi [1967], Huang et al. [2008]. The 

initial increase in heat transfer was attributed to an increase in air velocity and frost 

surface roughness, both of which led to an increase in the airside heat transfer 

coefficient, as well as an increase in heat transfer area since the nuclei of frost crystals 
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acted like small fins. In the second stage, column-shaped ice crystals on frost surface 

grew in its radial rather than longitudinal direction. Therefore, the rate of increase in 

frost thickness was reduced or remained unchanged as frosting went on. The heating 

capacity and coefficient of performance (COP) of the test ASHP unit were only 

slightly affected by frosting on outdoor coils due to a slow growth in frost thickness. 

During the third stage, column-shaped ice crystals on frost surface grew in its 

longitudinal rather than in its radial direction, thus acerose-shaped ice crystals on frost 

layer were formed, and the growth rate of frost thickness increased rapidly to about 

2.7- 4.5 times of that in the second stage. Therefore, the performance of the ASHP unit 

deteriorated rapidly, and the decreasing rates of both heating capacity and COP could 

reach up to a level of several times of these in the second stage. The experimental 

results suggested that the rapid performance degradation was mainly caused by the 

morphological variation of frost layer in the third stage.  

 

Many researchers have studied the degree of performance losses under frosting 

conditions. Miller [1984] studied the effects of frosting on COP and heating capacity 

of ASHPs under the frosting conditions of 4.4 oC (40 oF) to -6.7 oC (20 oF) with air 

relative humidity ranging between 60% and 90% using a 3-ton residential ASHP unit, 

where a single row spiny fin outdoor coil was used. Performance losses due to frosting 

were the largest when tests were conducted at between 1.7 oC and -1.1 oC (35 oF and 

30 oF), with air relative humidity being greater than 70%. Approximately 10% 

reduction in COP and 15% reduction in heating capacity were reported under an 
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operating condition of 80% and 90% humidity after a 60 minutes-long frosting 

operation. Based on the experimental study conducted by Votsis [1989], the reductions 

in the steady state COP varied between 10% and 27%, depending on the ambient 

conditions and the frosting duration. 

 

 

2.2.2 Numerical studies on frost formation and its effects on the operating 

performance of ASHPs  

 

Some numerical studies in this respect are reported. It is commonly acknowledged that 

to analyze a frosting process is rather difficult because it is a composite unsteady heat 

and mass transfer problem, due to the variation in roughness of frost surface in 

relation to time, a very large number of variables involved, the complex surface 

geometry of heat exchangers and the thermodynamic properties of humid air and frost. 

Nonetheless, to better understand the operating characteristics of ASHPs under 

frosting conditions, researchers have attempted to model mathematically a frosting 

process. 

 

Martinez-Frias and Aceves [1999] reported a transient frost formation model, and its 

integration into an existing heat pump model for predicting heat pump operating 

conditions and COP as a function of environmental conditions. Verma et al. [2002] 

developed a quasi-steady, finite-volume model for frosting on plain-fin-round-tube 
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heat exchangers. Seker et al. [2004a, 2004b] investigated experimentally and 

numerically the heat and mass transfer characteristics in finned-tube heat exchangers 

during frosting. Xia et al. [2004] carried out an empirical study on the effects of frost 

accumulation on louvered-fin micro-channel heat exchangers. One of the outcomes 

was that bridging louver gaps by frost was a major reason for decreased airside heat 

transfer and therefore a capacity reduction of an outdoor coil. Yao et al. [2004] 

reported a detailed distributed model for the outdoor unit under frosting condition in 

an ASHP water heater/chiller. The model consisted of a frosting sub-model and a heat 

exchanger sub-mode. Frost formation and its distribution on the surface of the outdoor 

unit and their impacts on the operational performance of the ASHP water heater/chiller 

were evaluated. Yang et al. [2006] proposed a mathematical model using correlations 

for heat transfer coefficients and a water-vapor diffusion equation to predict the 

thermal performance of a finned-tube heat exchanger under frosting conditions. Tso et 

al. [2006a, 2006b] developed a general distributed model for two-phase flow of 

refrigerant coupled with a frosting model for studying the dynamic behaviors of an 

evaporator. The model could be used to predict liquid dry-out position, evaporator coil 

wall temperature distribution, air temperature flowing onto each row and frost height 

on each row, etc.  
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2.3 The performance of ASHPs during defrosting  

 

As discussed above, frost formed on tube surface of the outdoor coil in an ASHP 

would deteriorate its operating and energy efficiency, reliability and life span. 

Therefore, periodic defrosting becomes necessary for guaranteeing the ASHP’s 

satisfactory operation. 

 

2.3.1 Defrosting methods for ASHPs 

 

Defrosting can be realized by a number of methods including: (1) compressor 

shut-down defrost; (2) electric heating defrost; (3) hot gas by-pass defrost; and (4) 

reverse cycle defrost.  

 

Compressor shut-down defrost is normally used in applications where the ambient 

air temperature is not lower than 1oC. When the ambient air temperature requirement 

is satisfied, the compressor is shut down and an outdoor coil air fan continues to run 

and the frost on the coil is melted. Therefore under certain ambient conditions in 

winter when ambient air temperature is lower than 1oC, the compressor shut-down 

defrosting method is not suitable.  

 

Electric heating defrost usually involves electrically heating up the surface of an 

outdoor coil to melt off frost. Usually heat is applied externally to the coil as 
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opposed to applying internal heat in hot gas by-pass defrost or reverse cycle defrost. 

Such a defrosting method requires a longer defrosting period than the reverse cycle 

defrosting method, usually 1-1/2 times. Furthermore, it is a costly operation since 

energy is required to melt frost and an ASHP is out of operation during defrosting.  

 

Hot gas by-pass defrost is largely used for industrial ASHPs. The superheated 

refrigerant vapor discharged from compressor is directed into an evaporator, or 

outdoor coil, by-passing condenser and expansion device. Most likely latent heat of 

condensation of refrigerant vapor is used as the heat source; however, sensible heat of 

highly superheated refrigerant vapor may also be used. Most hot gas by-pass systems 

introduce the hot gas at the discharge connection through a relief valve into the 

suction line downstream of a suction solenoid valve which closes during defrosting. 

 

For reverse cycle defrost, the operation cycle during heating is reversed by using a 

four way valve, and so is the refrigerant flow direction. During defrosting, hot gas is 

pumped into the outdoor coil to melt the frost off. When the frost is melted and 

drained away from the coil, an ASHP switches back to resume heating operation.  

 

Defrosting helps an ASHP return to its rated performance, although a defrosting 

process itself can cause a number of problems. Firstly, defrosting reduces an ASHP’s 

COP because energy is required to melt off the frost. Secondly, the operation of the 

ASHP would be interrupted during defrosting, so that normal space heating in an 
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indoor space served by the ASHP would be suspended, degrading the indoor thermal 

comfort of occupants. Finally, defrosting increases equipment cost due to the 

addition of auxiliary heating elements and reduces equipment reliability. 

 

 

2.3.2 Reverse cycle defrost 

 

Currently, the most widely used standard defrosting method is reverse cycle defrost 

[Ding et al. 2004, Byun et al. 2006]. Therefore, in this Chapter, more discussions on 

reverse cycle defrost are given.  

 

It is noted that the research related to reverse cycle defrosting operation for ASHPs is 

relatively less seen comparing with that related to frosting [Yao et al. 2004]. This is 

because that reverse cycle defrost is a complex process involving spatial and time 

variations of the temperatures of refrigerant, metal and air, as well as many other 

indeterminate factors resulted from transient cycling which may last for only a few 

minutes [Krakow et al. 1993a]. Also, an energy balance on the airside of an outdoor 

coil is complex due to the fact that the energy extracted from hot refrigerant gas is 

utilized in several different ways, e.g., heating up the evaporator coil metal surfaces, 

melting the frost, re-evaporating the melted frost and direct transfer to ambient by 

natural convection.  
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2.3.2.1 Experimental studies for ASHPs during defrosting 

 

When a space heating ASHP unit is operated at a reverse cycle defrosting mode, its 

outdoor coil acts as a condenser and its indoor coil as an evaporator. Also, during 

defrosting, the indoor air fan in an ASHP unit is normally switched off to avoid 

blowing cold air directly to a heated indoor space, affecting thermal comfort of 

occupants. Hence, the energy available from the indoor coil is basically that stored in 

coil metal but there is an insignificant amount of energy available from indoor air 

because of a negligibly small airside convective heat coefficient resulted from 

de-energized indoor air fan during defrosting. When there is no more heat to be 

absorbed from coil metal (i.e., when coil temperature drops to a sufficiently low 

level), evaporating temperature, as well as the evaporating pressure, will significantly 

drop. Consequently, low-pressure cut-off or wet compression may take place, which 

may cause the ASHP unit to shut down [Miller 1987, Kondepudi and O’Neal 1990, 

1991] and possibly damage the compressor. In this case, the energy to melt frost 

mainly comes from that stored in indoor coil metal and the input work to compressor 

but is not sufficient for quick defrosting. Insufficient heat available during defrosting 

is currently a fundamental problem as far as reverse cycle defrost is concerned, with 

which a number of operational problems during defrosting for ASHPs are associated. 

These include a prolonged defrosting time and the risk of having a lower air 

temperature inside a heated space without heating being provided during defrosting, 

etc.  



 24 

O’Neal et al. [1989] experimentally investigated the transient defrosting performance 

of a nominal 3-ton residential ASHP unit using a TEV. It was found that the 

accumulator of the ASHP unit and the TEV impacted significantly on the system’s 

dynamic responses. The liquid levels in the accumulator varied during defrosting. The 

TEV appeared to work well as a defrost expansion device because of its ability to vary 

orifice size in response to changing system operating conditions. On the other hand, 

the cycle performances during defrosting for ASHPs with either a scroll or a 

reciprocating compressor were experimentally studied and compared, in accordance 

with American National Standard/American Society of Heating, Refrigerating and 

Air-conditioning Engineers (ANSI/ASHRAE) Standard 116-1983 [Payne and O’Neal 

1995]. The results suggested that an ASHP unit using scroll compressor achieved a 

slightly higher integrated cyclic COP and a lower compressor discharge temperature 

during frosting and defrosting. Based on the tests on an air-to-water heat pump, Huang 

et al. [2007] pointed out that a ‘critical point’ existed during a defrosting cycle, after 

which operational parameters such as refrigerant temperature at the outdoor coil outlet, 

evaporating temperature and degree of superheat increased quickly. This was because 

the modes of heat transfer on the airside of the outdoor coil changed from 

phase-change of frost melting to air natural convection. Chen et al. [2009] investigated 

the effects of outdoor air parameters on reverse cycle defrosting characteristics for an 

ASHP unit. The experimental results showed that with an increase in outdoor air 

relative humidity at a constant air temperature and a constant air velocity, the total 

power consumption, defrosting duration and the heat taken away from an indoor space 
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during defrosting decreased linearly. 

 

On the other hand, for an outdoor coil used in an ASHP, on its refrigerant side, 

multiple parallel circuits are commonly used for minimized refrigerant pressure loss 

and enhanced heat transfer efficiency. On its airside, however, there is usually no 

segmentation corresponding to the number of refrigerant circuit. In the open 

literature, not many reported studies on defrosting characteristics over the surface of 

multi-circuit outdoor coils may be identified. The outdoor coil in the experimental 

residential ASHP unit, as reported by O’Neal et al. [1989], had four parallel 

refrigerant circuits. Noticeable differences in the surface temperatures at the exit of 

the four circuits were reported. The rates of increase in the surface temperatures at 

the exits of the up circuit(s) were much quicker than that of the down circuit(s). 

Termination of defrost was triggered when the surface temperature at the exit of the 

lowest circuit reached 18.3 ºC (65 ºF). However at the same time, the surface 

temperature at the exit of the top circuit already reached about 37.7 ºC (100 ºF). 

Similar results can also be seen in the experimental study on an outdoor coil having 

six rows and fourteen circuits during hot gas by-pass defrosting conducted by 

Stoecker et al. [1983]. Furthermore, in the study reported by Wang et al. [2008], it 

was shown that at six minutes into defrosting, the surfaces of down refrigerant 

circuit(s) in a multi-circuit outdoor coil were still covered by frost while that of up 

circuits were already free of frost.  
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Uneven defrosting over the surface of a multi-circuit outdoor coil, as discussed 

above, may well be resulted from uneven frosting. It however may also be caused by 

the downwards-flowing of melted frost due to gravity. However, the research work 

related to accounting the effect of downwards flowing of melted frost along the 

surface of a multi-circuit outdoor coil on defrosting performance can be hardly 

identified in open literature. 

 

 

2.3.2.2 Modeling of defrosting 

 

One key feature with modeling a defrosting process is that it is at least somewhat 

stochastic; during defrosting, the frost on an outdoor coil will not necessarily be 

melted uniformly throughout the coil. The frost over some parts of the coil remains 

attached to the coil surfaces until it is completely melted and sublimated while the 

frost at other locations may be partially melted, and then detaches from the coil 

surface, falling down to the coil surface at a lower level or to a drainage pan.  

 

From the open literature available, modeling of a defrosting process has attracted lots 

of research attention. Early research work focused mainly on outdoor units of simple 

geometry, such as finite slabs [Goodman and Shea 1960], horizontal flat plate 

[Abdel-Wahed et al. 1983], or flat plate cooler [Sherif and Sherif 1992]. Thereafter, a 

number of studies on modeling a defrosting process in ASHP units were carried out. 
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Krakow et al. [1992a, 1992b] developed a reverse cycle defrosting model for an 

outdoor coil. In this model, the process of frost melting on an outdoor coil surface 

was idealized by subdividing it into four stages: preheating, melting, vaporizing and 

dry heating. A number of heat and mass transfer parameters required for simulating 

defrosting performance, e.g., the maximum mass of surface water, free-convection air 

film conductance, air/water film conductance and surface water vaporization 

coefficient, were however experimentally determined. Afterwards, Krakow et al. 

[1993a, 1993b] presented an idealized reverse cycle defrosting model for an ASHP 

unit with a receiver. On the basis of the above mentioned model, a validated 

defrosting model for an ASHP unit using capillary tube was developed by Liu et al. 

[2003]. Distributed modeling was used for both evaporator and condenser because of 

their importances during reverse cycle defrosting. Sherif and Hertz [1998] presented 

a semi-empirical model for electric defrosting of a cylindrical coil cooler. In this 

model, it was assumed that the heat provided by an electric-heater was taken away by 

both the frost layer and the refrigerant vapor, but the ratio between the two was 

arbitrarily chosen. Al-Mutawa and Sherif [1998a, 1998b] developed an analytical 

model of a cylindrical coil cooler to predict the evaporation, sublimation and melting 

rates during hot gas by-pass defrosting. In this model, a moving boundary technique 

was used and the defrosting process was divided into two stages, pre-melting and 

melting. Alebrahim and Sherif [2002] reported an electric defrosting model for a 

finned-tube outdoor coil using the enthalpy method to predict defrosting duration and 

frost surface temperature profiles. Hoffenbecker et al. [2005] reported the 
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development of a transient model for predicting the heat and mass transfer during a 

hot gas by-pass defrosting process on an industrial air-cooling evaporator. The model 

focused on both the energy distribution during defrosting and the optimization of hot 

gas temperature. Dopazo et al. [2010] developed a detailed transient simulation 

model of hot gas by-pass defrosting in an air-cooled evaporator. In this model, a 

defrosting process was subdivided into six stages: preheating, tube frost melting, fin 

frost melting, air presence, retained water vaporizing and dry-heating. 

 

Although the above mentioned defrosting models were developed and used in 

studying defrosting performance, none of them in fact considered the effects of 

downwards flowing of the melted frost due to gravity along an outdoor coil surface 

on the defrosting performance, by either assuming a stable water layer or no water 

retention on coil surface. However, the experimental study on a nominal 3-ton 

residential ASHP unit reported by Payne and O’Neal [1995] suggested that after ~1 

hour frosting process under the condition of 1.7 ºC dry-bulb temperature and 80% 

relative humidity, and ~7 min defrosting process, over 1.6 liter of melted frost was 

collected. This amount of water flowing downwards due to gravity over the entire 

outdoor coil surface would affect the defrosting process as an additional thermal 

resistance layer was introduced [Cheng and Seki 1991].  
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2.3.2.3 End-uses of defrosting heat 

 

The energy balance on the airside of an outdoor unit during defrosting is complex 

because energy is used for different purposes, including heating the outdoor coil 

metal surfaces, melting the frost, vaporizing melted frost retained on coil surface and 

direct transfer to ambient air by natural convection. Consequently, related 

experimental or numerical studies on end-uses of defrosting heat during a defrosting 

process have been carried out, focusing however on hot gas by-pass defrost for 

industrial air coolers or freezers. 

 

Niederer [1976] firstly attempted to determine the amount of thermal energy required 

for defrosting by measuring the amount of hot gas that condensed during a hot gas 

by-pass defrost cycle and the power input during an electric defrost cycle. It was 

pointed out that only 15 to 25% of the total heat available to a defrosting process was 

actually used to melt the frost, with the remaining going to surrounding environment 

and coil/cabinet surfaces. Kerschbaumer [1971] defined defrosting efficiency as a 

ratio of the total energy required to melt the accumulated frost only (including sensible 

warming) to the total amount of defrosting energy input (including any refrigeration 

load effects). Stoecker et al. [1983] experimentally investigated the end use of 

defrosting heat in hot gas by-pass defrosting for industrial cooling coils. It was pointed 

out that the losses during defrosting mainly came from the heat transferred from warm 

coil surface to a refrigerated space. Coley [1983] suggested that during a defrost cycle 
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for a freezer, at least 15% of the frost sublimed into the surrounding refrigerated air 

space, which represented an additional load on the freezer. Approximately 24 to 28% 

(depending on coil material used) of the heat input was required to warm the 

evaporator coil sufficiently to melt frost. After that, Cole [1989] validated Coley’s 

estimation using the data presented by Stoecker et al. [1983]. The study results showed 

that the largest portion, typically at more than 80%, of the heat required to defrost an 

evaporator in a freezer went back to the freezer as an added load, thus resulting in a 

defrosting efficiency of less than 20%. According to the simulation results on reverse 

cycle defrosting from Krakow et al. [1993a, 1993b], the defrosting efficiency, defined 

as a ratio of the actual amount of heat required to melt the accumulated frost and 

vaporize the retained water to the total amount of heat provided to the outdoor coil 

during a defrosting period, was between 40.4% and 58% on an ASHP unit with a 

single circuit outdoor coil. 

 

On the other hand, studies about examining the energy loss caused by defrosting have 

also been performed. Baxter and Moyers [1984] tested an ASHP unit with a heating 

capacity of 10 kW for two years to characterize the dynamic losses in capacity and 

efficiency due to cycling, frosting and reverse cycle defrosting. It was concluded that 

defrosting losses were responsible for 10.1% of the total energy consumption 

(excluding supplemental electric resistance heating). A seasonal analysis conducted 

by Miller [1984] suggested that the frosting/defrosting degradation was primarily due 

to defrosting of an outdoor heat exchanger. The defrosting losses were almost three 
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times as much as those associated with frosting. Also, using auxiliary heat during 

defrosting can cause a significant cumulative reduction in COP. Al-Mutawa and 

Sherif [1998c, 1998d, 1998e] used a special test apparatus to determine the actual 

defrosting load associated with frosted industrial freezer coils using hot gas by-pass 

defrosting method. It was found that fan-defrost contribution (FDC), defined as the 

theoretical contribution of the fan and defrost heat loads to the net refrigeration load, 

exceeded 15% of the net refrigeration load. 

 

 

2.3.2.4 Thermal comfort in a heated space served by an ASHP during defrosting  

 

Indoor thermal environment is important as it affects the health and productivity of 

building occupants. A person’s sense of thermal comfort is primarily the result of 

body’ heat exchange with environment, which is influenced by two personal and four 

environmental parameters: metabolic rate, clothing insulation, and air temperature, 

mean radiant temperature (MRT), air velocity and humidity [ASHRAE 2010].  

 

Two indexes proposed by Fanger [1970, 1982] have been extensively used and 

accepted in assessing indoor thermal comfort [Yang and Su 1997, Kumar and 

Mahdavi 2001, Chowdhury et al. 2008, Kuchen and Fisch 2009, Hwang and Shu 

2011]. The first one is Predicted Mean Vote (PMV) [Fanger 1970] that expresses the 

quality of a thermal environment as a mean value of votes of a large group of people 
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according to the thermal sensation scale approved in the ANSI/ASHRAE Standard 

55 [2010]. The other is the Predicted Percentage Dissatisfied (PPD) [Fanger 1982] 

which expresses the thermal comfort level as a percentage of thermally dissatisfied 

people, and is directly determinable by PMV. Standards for maintaining comfortable 

indoor thermal environments have been developed by ASHRAE and International 

Organization for Standardization (ISO). ASHRAE [2010] has defined the 

recommended PPD and PMV ranges for typical applications. The acceptable thermal 

environment for general comfort is PPD < 10% or - 0.5 < PMV < 0.5, which may be 

applied to a space where occupants have activity levels with metabolic rates between 

1.0 and 1.3 met, and where clothing is worn providing between 0.5 and 1.0 clo of 

thermal insulation.  

 

Fig. 2.1 shows the summer and winter comfort zones based on 90% acceptance of 

thermal conditions or 10% PPD, which may be applied to a space where clothing is 

worn providing between 0.5 clo and 1.0 clo of thermal insulation. As seen, the 

ASHRAE winter comfort zone was confined to an area on a psychrometric chart 

between 19.5 oC and 26.5 oC dry-bulb operative temperature. 
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Fig. 2.1 ASHRAE summer and winter comfort zones (ASHRAE 2009) 

[Acceptable ranges of operative temperature and humidity with air speed ≤ 0.2 m/s for 

people wearing 1.0 and 0.5 clo clothing during primarily sedentary activity( ≤ 1.1 met)] 

 

When an ASHP unit is undergoing a reverse cycle defrosting operation, its outdoor 

coil acts as a condenser and its indoor coil as an evaporator. Hence there is no space 

heating provided during defrosting, thus degrading indoor thermal comfort while 

consuming electrical energy for melting frost. As mentioned earlier, when an ASHP 

unit starts its reverse cycle defrosting, its indoor air fan and outdoor air fan are all 

switched off. The reason to turn off indoor air fan is to avoid blowing cold air out 

from the indoor coil which works as an evaporator during defrosting, so that 

occupants will not feel cold draft. Thus, a small airside convective heat coefficient 

resulted from de-energized indoor air fan during defrosting makes a defrosting 
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duration longer. Furthermore, because an indoor coil is at a very low temperature 

immediately after the completion of defrosting, it would take a longer time to heat up 

the coil first before space heating can become available. This further lengthens the 

time period without heat supply. Therefore, it could be understood that during a 

reverse cycle defrosting process, indoor air temperature, relative humidity (RH), air 

velocity and mean radiant temperature (MRT) would be directly and/or indirectly 

affected, consequently deteriorating indoor thermal comfort. However, few research 

work where the effects of a reverse cycle defrosting operation of an ASHP on indoor 

thermal comfort for building occupancy in a heated space served by the ASHP were 

studied may be identified. 

 

 

2.3.2.5 Effects of a throttle regulator on defrosting operation in an ASHP 

 

For a heat pump/refrigeration system, a throttle regulator is a key component for 

refrigerant mass flow control to maintain the refrigerant in a superheated state before 

entering compressor. With a faster response to load variation, a wider range of flow 

rate regulation and a higher control precision, an electronic expansion valve (EEV) 

has a robust adaptability to all refrigerants in use under different operating 

conditions, and therefore can be used to replace other types of expansion devices or 

throttle regulators, such as a TEV or a capillary tube. In fact, the ranges of EEV 

applications have expanded gradually and successfully from small-scale to 
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large-scale systems, especially in inverter driven variable speed compressor systems 

and/or multi-evaporator systems [He et al. 1997, Aprea and Mastrullo 2002, Choi 

and Kim 2002, Li et al. 2004, Chen et al. 2005, Chen et al. 2008, Jiang et al. 2011].  

 

From the open literature available, the reported studies on the effects of using 

various throttle regulators on defrosting performance in ASHPs are available but 

limited. O’Neal et al. [1991] carried out defrosting experiments aiming at shortening 

defrosting duration and reducing energy losses using short-tube orifice as a throttle 

regulator. The results suggested that increasing orifice diameter of the short-tube 

would lead to a shorter defrosting duration. For an air-to-water heat pump using a 

TEV, Ding et al. [2004] suggested using a solenoid valve to by-pass the TEV during 

defrosting to improve defrosting performance, with a smooth resumption of heating 

operation after the termination of defrosting. However, no reported studies on the 

effects of various control strategies for an EEV on reverse cycle defrosting 

performance for space heating ASHPs may be identified.  

 

 

2.3.3 Control methods to start and end a defrosting operation 

 

Since proper defrosting initiation and termination can lead to a higher energy 

efficiency and system reliability [Votsis et al. 1989, Hewitt and Huang 2006], relevant 

research work on selecting suitable control parameters for defrost initiation and 
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termination has therefore been carried out and reported.  

 

2.3.3.1 Initiation of defrost  

 

For the reasons of simplicity and low-cost, many of the earlier ASHPs employed a 

simple timer to control a defrost cycle. Usually, for every 60 to 90 minutes of 

frosting-time, a defrosting operation would be initiated. Performances of these earlier 

ASHPs could well suffer from some unnecessary defrosting operations, resulting in a 

degraded operational efficiency. On the other hand, demand defrost control, firstly 

proposed by Eckman [1987], has been applied to initiating defrost cycle in ASHP for 

decades. With this control method, an ASHP unit started defrosting only when an 

adequate frost buildup was detected. Demand defrost techniques included measuring 

air pressure differential across an outdoor coil; sensing the temperature difference 

between air and the outdoor coil surface; sensing fan power. Zakrzewski [1984] 

established a defrost cycle model for an air cooler to optimize defrost cycle by using 

an index called cooler efficiency. Modeling results showed that heat transfer 

coefficient of cooler surface, surface frosting intensity and defrost initiation time 

would all affect cooler efficiency. It was pointed out that the selection of an optimal 

defrost cycle required the simultaneous consideration of air cooler capacity, the type 

of frost accumulated on cooler surface and defrosting mechanism. Huang et al. [2008] 

conducted a numerical study concerning the effect of frost thickness on the heat 

transfer of a four rows plate finned-tube exchanger. The study results revealed that 
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the heat exchanger should go through defrosting when half of a single flow channel 

area was blocked by frost. 

 

Recent defrosting methods developed included defrost initiation by measuring the ice 

thickness through using holographic interferometry technique [Hao et al. 2002], 

measuring the frost surface temperature by infrared thermometer [Iragorry and Tao 

2005], sensing refrigerant flow instability [Lawrence and Evans 2008], using 

photo-coupler [Byun et al. 2006, Xiao et al. 2010] or fiber optic sensors [Paone and 

Rossi 1991] as a frost sensing device, applying neural networks to modeling the 

amount of frost on coil surface [Datta and Tassou 1997, 2002]. 

  

None of the above recent methods has however gained acceptance in industrial 

application in general due to excessive capital cost and reliability problems associated 

with complex and unreliable sensing methods. 

 

 

2.3.3.2 Termination of defrost 

 

With respects to defrost termination, related research is much less seen. It should be 

noted that a complete defrosting process covers both melting frost and drying coil 

surface. Otherwise, once an ASHP unit is switched back to heating operation, 

retained melted frost on outdoor coil surface would become ice. This may change the 
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structure of a frost layer, increase the density and enhance thermal conductivity of 

the frost layer [Lee and Ro 2001]. 

  

In practical applications, a defrosting operation can be terminated based on surface 

temperature of an outdoor coil, pressure difference across an outdoor coil, or time. 

Terminating a defrosting operation based on the surface temperature of an outdoor coil 

is currently the most popular method. A temperature sensor is usually placed on the 

lowest liquid-line circuit of an outdoor coil. A defrosting operation will be terminated 

once a preset temperature is reached. However, different temperature settings have 

been used and reported, such as 12 oC [Ding et al. 2004], 22 oC [Huang et al.2004], 24 

oC [Huang et al. 2007], 26.7 oC [Payne and O’Neal 1995].  

 

 

2.4 Frosting mitigation measures and performance improvement for reverse 

cycle defrosting for ASHPs  

 

As discussed in earlier sections, both frosting and defrosting for an ASHP are 

disadvantageous to energy efficiency and operating performance. Therefore, for a 

higher energy efficiency and a better indoor thermal environment control using an 

ASHP, various methods of both preventing frosting and improving reverse cycle 

defrosting performance have been investigated. 
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2.4.1 Measures for preventing frosting for ASHPs 

 

A number of different methods to prevent or delay frosting for ASHPs have been 

investigated so as to alleviate the negative impact of frosting on their operating 

performances. These methods focused on the following three respective aspects:  

  

• Environmental variables 

 

Kondepudi et al. [1995] compared frosting performance of an ASHP, with and without 

solid desiccant placed in air stream, and found that the use of desiccant significantly 

reduced frosting formation rate on outdoor coil surfaces. Wang and Liu [2005] also 

proposed a method using solid desiccant to dehumidify the air before it entered an 

outdoor coil. It was found that air humidity was reduced and air temperature increased, 

so that less frost was formed within a given frosting duration. Kwak and Bai [2010] 

added an electric heater at the entrance of an outdoor unit of a window-type ASHP to 

increase both the heating capacity and COP of the ASHP during frosting operating.  

 

• ASHPs’ structure  

 

Mei et al. [2002] reported that the heating capacity of an ASHP can be increased, and 

the frost accumulation on its outdoor coil retarded by heating up the liquid refrigerant 

in the accumulator. Byun et al. [2008] presented a method to delay frost formation in 
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an ASHP unit by injecting a portion of high temperature refrigerant from compressor 

discharge into evaporator inlet. The results showed that COP and heating capacity 

were improved at an average of 8.5% and 5.7%, respectively. Li et al. [2011] 

developed a novel frost-free ASHP unit by integrating a multi-stage regeneration 

solution endothermic subsystem. 

 

• Structure and surface treatment for an outdoor coil 

 

The use of an outdoor coil having a wider fin spacing was recommended to slow 

down frost growth thus reducing the number of defrost cycles by Young [1980] and 

Watters et al. [2002]. On the other hand, there were reported studies on the influence 

of surface treatment of outdoor coil on frosting and defrosting performance. 

Kuwahara et al. [1986] applied a surface-active agent to the fin surface of an outdoor 

coil to reduce water retention as the contact angle between water and coil surface 

became small. Wu and Webb [2001] and Jhee et al. [2002] found that a heat 

exchanger with a hydrophobic surface treatment was more effective during defrosting 

in terms of the efficiency and duration, than that with a hydrophilic surface. Liu et al. 

[2006] reported that the use of surface hydrophilic polymer paint could retard frost 

formation up to 3 hours and reduce frost thickness by at least 40%. In addition, the 

frost layer formed on the coated surface was loose and could be easily removed. 

Wang et al. [2012] investigated the possibility and the effect of frost release from a 

finned-tube evaporator covered with hydrophilic coatings by using ultrasonic 
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vibrations during the whole frosting process. The experimental results showed that 

the basic ice layer on the fins could not be removed with ultrasonic vibrations, but 

frost crystals and frost branches on the ice layer could be fractured and removed 

effectively. 

 

Although various methods including those mentioned earlier have been studied for 

the purpose of preventing or delaying frosting on outdoor coil in ASHPs, not many 

actual applications were seen partly due to their costs of implementation were too 

high. Furthermore, these methods were not capable of eliminating frosting, but only 

reducing the extent of frosting.  

 

 

2.4.2 Performance improvements for reverse cycle defrosting of ASHPs 

 

As discussed previously, defrosting an ASHP consumes energy and causes undesirable 

fluctuations of indoor air temperature and other operational problems, such as 

low-pressure cut-off or wet compression. Therefore, extensive research work has been 

carried out to improve the performance for reverse cycle defrosting of ASHPs. Young 

[1980] suggested that high refrigerant mass flow could be maintained by a properly 

sized separate defrost expansion bypass device for shorter defrosting duration. It was 

further found that an outdoor unit having a 45o slanted coil could drain off 50% more 

melted frost than that having a horizontal coil while still permitting a snow sheltered 
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design and an upward directed exhaust. Fans pre-start with reverse cycle defrosting on 

both air to air and air to water heat pumps were found to be effective in protecting the 

unit from being turned off owing to discharge pressure protection [Anand et al.1989, 

Huang et al. 2004]. Nutter et al. [1996] studied the effects of an accumulator in suction 

line on frosting/defrosting performance of an ASHP unit utilizing an orifice expansion 

device in heating (frosting) mode and TEV in cooling (defrosting) mode. The results 

showed that the removal of the accumulator produced a 10% reduction in defrosting 

duration time and a 25% reduction in the integrated cyclic COP. Wang et al. [2008] 

developed a new heat pump defrosting method using a refrigerant charge compensator 

instead of an accumulator. The test results showed an increase in refrigerant flow rate 

and larger suction and discharge pressures of compressor during defrosting. Liang et al. 

[2010] proposed a sensible heat defrosting method with self-organizing fuzzy control 

system. The results of comparative tests showed that the sensible heat defrosting 

method could avoid adverse shock and ‘oil rush’, which were commonly seen in 

conventional reverse cycle defrosting operations. Choi et al. [2011] reported a dual hot 

gas by-pass defrosting method for AAHPs using an additional hot gas by-pass line 

connecting the compressor discharge and the accumulator inlet. This defrosting 

method would help reduce the defrosting time by 36%, as compared to the 

conventional hot gas by-pass defrosting method.  

 

However, the fundamental problem for the reverse cycle defrosting method was that 

there was insufficient heat available for ASHPs during defrosting. None of the above 
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mentioned methods can help solve this fundamental problem, and the other associated 

operational problems. These would consequently lead to a poorer cyclic operating 

performance, reduced indoor thermal comfort for occupants and a poorer system 

reliability for ASHP.  

 

 

2.5 Applying phase change materials (PCMs) based thermal energy storage 

(TES) technology to buildings 

 

Thermal energy storage (TES) technology has played an important role in energy 

management, and has been used extensively in building heating, ventilation, and air 

conditioning (HVAC) systems. When compared to sensible heat energy storage, 

latent heat energy storage requires a smaller amount of mass of storage medium for a 

given amount of energy to be stored. A further advantage of latent heat storage is that 

heat storage and delivery normally occur over a fairly narrow temperature range (the 

transition zone) which corresponds to the phase transition temperature of a phase 

change material (PCM). The operating temperature span of latent heat storage 

systems can, therefore, be quite narrow [Paris et al. 1993]. Based on these 

advantages, the technology of latent heat thermal energy storage has been developed 

rapidly over recent decades.  

 

In general, PCMs can be classified into organic type such as paraffin, and inorganic 
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type such as hydrated salts and binary mixture. Inorganic PCMs have been widely 

used currently because of their high thermal conductivity and excellent chemical 

stability. The selection criteria of PCMs are listed as follows [Sharma and Sagara 

2005, Pasupathy et al. 2008]:  

 

Thermodynamic properties:  

 

• Melting temperature in the desired operating temperature range;  

• High latent heat of fusion per unit volume so that the required volume of container 

to store a given amount of energy is smaller; 

• High specific heat to provide additional significant sensible heat storage; 

• High thermal conductivity in both solid and liquid phases to assist energy charging 

and discharging;  

• Small volume changes on phase transformation and small vapor pressure at 

operating temperatures to reduce the containment problem;  

• Congruent melting of the PCM for a constant storage capacity of the material with 

each freezing/melting cycle. 

 

Kinetic properties:  

 

• High nucleation rate to avoid super cooling of the liquid phase ; 

• High rate of crystal growth, so that it can meet demands of heat recovery from a 
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storage system.  

 

Chemical properties:  

 

• Chemical stability;  

• Complete reversible freeze/melt cycle;  

• No degradation after a large number of freeze/melt cycles;  

• Non-corrosiveness, non-toxic, non-flammable and non-explosive materials.  

 

Economic properties: 

  

• Low cost;  

• Large-scale availability.  

 

 

2.5.1 TES for HVAC applications 

 

The compactness of a PCM storage system allows a greater flexibility in choosing a 

location for a storage system. TES for HVAC applications can involve storage at 

various temperatures associated with heating and cooling processes [ASHRAE 2007]. 

For example, high temperature storage is typically associated with the use of solar 

energy collectors [Rabin et al. 1995, Esen and Ayhan 1996, Bajnoczy et al. 1999], 
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waste heat utilization [Gu et al. 2004], heat pump applications, and low temperature 

storage with the use of ice storage system [Masoero 1984, Matsuki et al. 1999, 

Ismail and Jesus 2001] and free cooling [Vakilaltojjar and Saman 2001, Arkar et al. 

2007], etc.  

 

TES for heat pump applications mainly focused on solar-assistant heat pump systems 

and on waste heat recovery. Rabin et al. [1995] studied a solar collector with storage 

for water heating using salt hydrate as a PCM. The results of parametric studies on 

the effects of both the transition temperature and the thickness layer of the 

salt-hydrate PCM on the thermal performance of charging processes were presented. 

Esen and Ayhan [1996] developed a model for a solar assisted cylindrical energy 

storage tank. Results showed that the PCM, cylinder radius of storage tank, the mass 

flow rate and inlet temperature of the high temperature heat transfer fluid (HTF) 

should be chosen carefully to optimize the performance of the storage tank. 

Bajnoczy et al. [1999] studied a two-grade heat storage system (60-30 oC and 30–20 

oC) using CaCl2·6H2O and CaCl2·4H2O for a domestic water-heating system with 

solar energy storage. Gu et al. [2004] used latent heat thermal energy storage 

systems to recover the rejected (sensible and latent) heat from air conditioning. The 

results showed that the use of latent heat thermal energy storage systems would help 

reduce both the consumption of primary energy for domestic hot water heating and 

the heat dissipation to the surroundings. Long and Zhu [2008] designed an ASHP 

water heater with PCM for thermal storage to take the advantage of low-cost 
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off-peak electrical energy. Qi et al. [2008] proposed a solar heat pump heating 

system with seasonal latent heat thermal storage, and investigated its operating 

performances using a specifically developed model. However, adopting latent heat 

storage in ASHPs and using the stored heat as the source for defrosting have not 

been found in the open literature. 

 

 

2.5.2 Heat transfer enhancement for TES systems 

 

Most PCMs have an unacceptably low thermal conductivity, leading to slow 

charging and discharging rates. Hence heat transfer enhancement techniques are 

required for most latent heat thermal energy storage applications. There are several 

methods to enhance the heat transfer in a latent heat thermal storage system, 

including optimized design of a suitable heat exchanger. Herrick [1982] and 

Santamouris and Leafs [1988] designed a rolling cylinder heat exchanger consisted 

of a collection of smaller sub-units of cylinder shape, in which actual energy storage 

took place. Farid and Kanzawa [1989] studied the performance of a heat storage unit 

consisted of cylindrical capsules filled with PCM, with air flowing across them for 

heat exchange. Watanabe et al. [1993] described a heat storage unit consisted of an 

encapsulated PCM in horizontal cylindrical tubes. On the other hand, the use of 

finned-tubes with different configurations was proposed [Velraj et al. 1997 and 1999, 

Ismail et al. 2001]. A storage unit composed of spherical capsules filled with PCM 
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placed inside a cylindrical tank was investigated both numerically and 

experimentally by Ismail and Henriquez [2002]. Zukowski [2007] analyzed a TES 

unit consisted of a Plexiglas casing, light steel nets and PCM enclosed in 

polyethylene film bags. Solidification and melting characteristics of PCM 

encapsulated inside cylindrical enclosures were experimentally and analytically 

studied by Kalaiselvam et al. [2008]. 

 

In addition, other heat transfer enhancement techniques in PCMs have been also 

reported, including for example, using PCMs dispersed with high conductivity 

particles [Siegel 1977], embedding PCMs in a metal matrix structure [Hoogendoorn 

and Bart 1992, Tong et al. 1996], adding carbon fiber brushes [Fukai et al. 2000 and 

2002, Hamada and Fukai 2005], employing bubble agitation [Velraj et al. 1997], 

applying thin aluminum plates filled with PCMs [Bauer and Wirtz 2000] or 

embedding aluminum powder [Mettawee and Assassa 2007], inserting copper plates 

in spherical capsules for noctadecane PCMs [Koizumi 2004], using metal 

screens/spheres placed inside the PCMs [Ettouney et al. 2004] and applying 

microencapsulated PCMs [Brown et al. 1998, Hawlader et al. 2003, Griffiths and 

Eames 2007], etc. 
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2.6 Conclusions 

 

The development of air conditioning and heat pump technology is a natural 

consequence to both pursuing high quality living and working environments, and at 

the same time, addressing the issue of sustainability. ASHPs have been widely used 

for space cooling in summer and space heating in winter for many years, due to their 

distinguished advantages of energy saving and environmental protection. However, 

when an ASHP unit operates in space heating mode, frost can be accumulated on the 

surface of its outdoor coil when its temperature is below 0 ºC and lower than the dew 

point of ambient air. Frosting deteriorates the operation and energy efficiency, and 

reduces the output heating capacity of the ASHP unit. Therefore periodic defrosting 

becomes necessary. Currently, the most widely used standard defrosting method for 

ASHPs is reverse cycle defrost. Defrosting helps an ASHP return to its rated 

performance, although the process itself consumes energy, causing undesirable 

fluctuations of indoor air temperature and other operational problems. 

 

Extensive related studies on the performance of ASHPs under frosting or defrosting 

condition have been undertaken. From the open literature available, the research work 

related to reverse cycle defrosting performance of ASHPs is relatively less seen 

comparing with that related to frosting. This is because that reverse cycle defrosting is 

a complex process involving spatial and time variations as well as many other 

indeterminate factors resulted from transient cycling which may last for only a few 
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minutes. Both experimental and theoretical approaches were adopted in these studies, 

to investigate the operating performances of ASHPs under both frosting and defrosting 

conditions. Various measures to address the problems associated with the frosting and 

defrosting operations of ASHPs have been considered. However, there are still a 

number of issues where further extensive research work is required, as follows:  

 

• As presented in Section 2.4, for reverse cycle defrosting operations for 

ASHPs, the energy to melt frost comes mainly from that stored in indoor coil 

metal and the input work to compressor, which are not sufficient for quick 

defrosting. Insufficient heat available during defrosting is currently a 

fundamental problem as far as reverse cycle defrost is concerned, with which 

a number of operational problems during defrosting for ASHPs are 

associated. However, no previous studies on solving this fundamental 

problem may be identified. 

 

• Secondly, during a reverse cycle defrosting process, the indoor coil of an 

ASHP unit actually acts as an evaporator. Therefore, no space heating is 

provided and hence indoor air temperature in a heated space can drop, during 

defrosting. Also, since indoor coil metal was at a low temperature, a longer 

period of time is needed before space heating can become available 

immediately after the completion of defrosting. This further lengthens the 

time period without effective heating. Consequently, occupants’ thermal 
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comfort may be adversely affected, as discussed in Section 2.3.2.4. However, 

relevant research work on assessing indoor thermal comfort of building 

occupants during a reverse cycle defrosting process for ASHPs has been 

seldom seen in open literature. 

 

• Furthermore, as presented in Section 2.3.2.1, although previous experimental 

and modeling studies on understanding the operating performance during a 

reverse cycle defrosting of a multi-circuit outdoor coil in ASHPs have been 

conducted and reported, the research work on accounting the effect of 

downwards flowing of the melted frost due to gravity along the surface of a 

multi-circuit outdoor coil on defrosting performance cannot be identified. It 

was further noted that none of the previous defrosting models considered the 

effects of the melted frost flowing down on defrosting performance, as 

reported in Section 2.3.2.2, by assuming either a stable water layer or no 

water retention on coil surfaces. However, as reported in the previous 

experimental studies, quite an amount of melted frost flowed downwards due 

to gravity along the surfaces of multi-circuit outdoor coils. This amount of 

water flowing downwards on the entire outdoor coil surface would disturb 

defrosting as additional thermal resistance was introduced.  

 

• Finally, with respect to the investigation on the effects of using different 

types of throttle regulators, or expansion devices, on the performance of 

reverse cycle defrosting, it is shown in Section 2.3.2.5 that no reported 
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studies on the effects of various control strategies for an EEV on the reverse 

cycle defrosting performance for space heating ASHPs may be identified. 

 

The literature review presented in this Chapter has identified a number of important 

areas where further in-depth research work is required. These are the expected 

targets of the investigation reported in this thesis. 
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Chapter 3 

Proposition 

 

3.1 Background 

 

It is evident from the literature review presented in Chapter 2 that ASHPs have been 

widely used worldwide as an energy efficient and environmental friendly means for 

building environmental control. However, when an ASHP unit operates in heating 

mode, frost can be accumulated on the surface of its outdoor coil. Frosting 

deteriorates its operation and energy efficiency, and therefore periodic defrosting 

becomes necessary. Currently, the most widely used standard defrosting method for 

ASHPs is reverse cycle defrost. Defrosting helps an ASHP return to its rated 

performance, although the process itself consumes energy, causing undesirable 

fluctuations of indoor air temperature and other operational problems. 

 

The previous limited related studies available in the open literature concentrated on 

studying the operating performances of ASHPs under both frosting and defrosting 

conditions, and various possible measures to address the problems associated with 

the frosting and defrosting operations of ASHPs. For ASHPs, during reverse cycle 

defrosting, the energy to melt frost mainly comes from that stored in indoor coil 

metal and the input work to compressor, which are not sufficient for quick defrosting. 

Insufficient heat available during reverse cycle defrosting is currently a fundamental 
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problem for ASHPs. However, no previous studies on solving this fundamental 

problem may be identified. With the wide-spread applications of TES in HVAC 

systems, it is possible to develop a novel TES-based reverse cycle defrosting method 

so that adequate heat could be made available for reverse cycle defrosting.  

 

Furthermore, the research work related to accounting the effects of downwards 

flowing of the melted frost due to gravity along the surface of a multi-circuit outdoor 

coil in an ASHP unit on defrosting performance has been rarely seen. In defrosting 

mathematical models currently available, either a stable water layer or no water 

retention on coil surfaces was assumed. This strongly suggests a need to investigate 

the effects of downwards flowing of the melted frost along the surface of a 

multi-circuit outdoor coil on defrosting performance, using both experimental and 

modeling approaches. In addition, although EEVs have been widely used in ASHPs, 

no reported studies on the effects of various control strategies for an EEV on the 

reverse cycle defrosting performance for space heating ASHPs may be identified.  

 

 

3.2 Project title 

 

The thesis focuses on the following major issues related to reverse cycle defrosting 

for ASHP units: (1) developing a novel TES-based reverse cycle defrosting method 
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for ASHPs to provide adequate heat during defrosting; (2) assessing indoor thermal 

comfort level for occupants when using the novel TES-based reverse cycle 

defrosting method; (3) studying the effects of downwards flowing of melted frost 

due to gravity over a multi-circuit outdoor coil surface during reverse cycle 

defrosting on defrosting performance; and (4) investigating the effects of an EEV 

under different control strategies on defrosting performance. The research project 

reported in this thesis is therefore entitled “A novel thermal storage based reverse 

cycle defrosting method and the operating performance evaluations for an air source 

heat pump”. 

 

 

3.3 Aims and objectives 

 

The objectives of the research work reported in this thesis are as follows: 

 

1) To develop a novel TES-based reverse cycle defrosting method for an 

experimental ASHP unit so as to make adequate heat available for melting frost 

during defrosting, and thus minimize or even eliminate a number of the 

operational problems associated with conventional reverse cycle defrost. The 

operational performances of the experimental ASHP unit using the novel 
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TES-based reverse cycle defrosting method developed will be experimentally 

examined; 

2) To assess thermal comfort level when using the novel TES-based reverse cycle 

defrosting method developed for the experimental ASHP unit; 

3) To experimentally and numerically study the effects of downwards flowing of 

melted frost along a multi-circuit outdoor coil surface on defrosting performance 

using the experimental ASHP unit. A semi-empirical mathematical model will be 

developed; and, 

4) To investigate the effects of an EEV under different control strategies on reverse 

cycle defrosting performance of the experimental ASHP unit. 

 

 

3.4 Research methodologies 

 

Both experimental and numerical approaches will be adopted in the project. A 

specially developed experimental ASHP setup will be constructed, consisting of the 

experimental ASHP unit having a four-circuit outdoor coil, an environmental 

chamber including one simulated heated indoor space and one simulated frosting 

outdoor space. The experimental ASHP unit will be built by incorporating a PCM 

based heat exchanger (PCM-HE) into a commercially available standard ASHP unit. 

The experimental ASHP unit may be operated at following three different modes: (1) 
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standard heating and defrosting, (2) parallel TES-based heating and reverse cycle 

defrosting, (3) serial TES-based heating and reverse cycle defrosting. The three 

modes will be detailed in Chapter 5. 

 

Experimental investigations on the operational performances and indoor thermal 

comfort under both standard reverse cycle defrosting method and the novel 

TES-based reverse cycle defrosting method will be carried out using the 

experimental setup. The experimental results and the thermal comfort indexes 

obtained/evaluated under standard heating and the defrosting conditions would 

provide a base for comparison. For comparison purpose, the same frosting outdoor 

condition, the amount of frost formation on outdoor coil surface and indoor thermal 

conditions using both standard reverse cycle defrosting and the novel TES-based 

reverse cycle defrosting method will be maintained. 

 

Experimental studies on the effects of allowing melted frost to freely flow 

downwards over the four-circuit outdoor coil surface of the experimental ASHP unit 

will also be undertaken. The development of the semi-empirical mathematical model 

to quantitatively analyze the effects of downwards flowing of melted frost along the 

entire outdoor coil surface on defrosting performance will be primarily based on the 

fundamentals of mass and energy conservation, and partially supported by the 

experimental data obtained. 
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The effects of the EEV under different control strategies on defrosting performance 

will be experimentally studied using the experimental ASHP unit. Two control 

strategies for the EEV on defrosting performance will be considered: the EEV being 

fully open, and the EEV being regulated by the degree of superheat (DS) controller 

with a DS setting of 5 ºC.  

 

The experimental ASHP setup will be built up in the HVAC Laboratory in the 

Department of Building Services Engineering, The Hong Kong Polytechnic 

University.  
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Chapter 4  

The Experimental Setup 

 

4.1 Introduction 

 

The experimental setup was constructed in the HVAC Laboratory of Department of 

Building Services Engineering, The Hong Kong Polytechnic University. The primary 

purpose of having the experimental setup was to facilitate carrying out the research 

work related to novel TES-based reverse cycle defrosting method and operating 

performance evaluations for ASHP systems. 

 

The ASHP experimental setup consisted of an experimental ASHP unit, an 

environmental chamber including one simulated heated indoor space and one 

simulated frosting outdoor space. A computerized data measuring, logging and control 

system was built into the experimental setup. A PCM based heat exchanger (PCM-HE), 

which was a key component to the successful development of the TES-based reverse 

cycle defrosting method, was incorporated into the experimental ASHP unit.  

 

This Chapter firstly describes the experimental setup and its major components in 

detail. This is followed by reporting the computerized measuring devices and data 

acquisition system. Lastly, the control for the refrigerant degree of superheat at 

compressor suction is explained.  
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4.2 Detailed descriptions of the experimental setup and its major components 

 

Fig. 4.1 shows the schematic diagram of the experimental setup. The experimental 

ASHP unit was modified from a commercially available standard ASHP unit and was 

installed inside the existing environmental chamber. The environmental chamber was 

divided into a heated indoor space and a frosting outdoor space, which simulated both 

the indoor and outdoor conditions (temperature and humidity) necessary for testing the 

performance of the experimental ASHP unit. The indoor coil of the experimental 

ASHP unit was installed inside the heated indoor space and the four-circuit outdoor 

coil of the experimental ASHP unit inside the frosting outdoor space. As seen from Fig. 

4.1, inside the indoor space, there were the indoor coil, the PCM-HE and a receiver. 

And inside the outdoor space, there were the compressor, an accumulator, the outdoor 

coil, four way reverse valve and outdoor air flow ductwork. 

 

 

4.2.1 The experimental ASHP unit  

 

4.2.1.1 Heat pump unit 

 

A nominal 6.5 kW heating capacity split-system residential ASHP unit was retrofitted. 

The major components in the ASHP unit included a variable-speed rotor compressor, 

an EEV, a four-circuit outdoor coil and an indoor coil. Its specifications are listed in 
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Fig. 4.1 The schematic diagram of the experimental setup  
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Table 4.1. The compressor was of swing type and equipped with a suction line 

accumulator to minimize liquid flow to the compressor during start up and transient 

operation periods. The refrigerant used was R22. Other necessary accessories and 

control devices, such as a refrigerant receiver, a sight glass, a filter and safety devices, 

were provided to ensure the normal and safe operation of the ASHP unit.  

 

The outdoor coil, where frosting and defrosting took place, had four parallel 

single-row refrigerant circuits, as shown in Fig. 4.2. The airside surface areas 

corresponding to the four circuits were equal. The indoor coil had four parallel 

two-row refrigerant circuits. The fins were made of aluminum and tubes made of 

copper for both outdoor coil and indoor coil. A water collecting pan was placed 

directly under the outdoor coil. 

 

The EEV used in the experimental ASHP unit was driven by a four-phase pulse 

motor, with a total of 500-steps of valve opening positioning. It was used to maintain 

a desired degree of refrigerant superheat at the evaporator exit. The port diameter of 

the EEV was 1.6 mm. The opening of the EEV was regulated by a 

proportional-integral-derivative (PID) degree of superheat (DS) controller to 

maintain a fixed DS during actual operation. 
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Table 4.1 Specifications of the experimental ASHP unit 

Parameters Values/ details 

Compressor   

Compressor type Swing 

Rated heating capacity (kW) 6.5 

Rated input power (kW) 1.84 

Refrigerant R22 

EEV  

   Port diameter(mm) 1.6 

Coil  Indoor Outdoor 

Tube length (mm) 875 920 

Tube external diameter (mm) 7.9 7.9 

Tube spacing (mm) 12 12 

Fin thickness (mm) 0.16 0.16 

Fin pitch (mm) 1.2 1.1 

Number of tube rows 2 1 

Number of circuits 4 4 

Air flow rate (m3/h) 1050 2560 

Tube material  Copper Copper 

Fin material Aluminum Aluminum 

Fin type Louver Plate  
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Fig. 4.2 Details of the single-row four parallel refrigerant circuit outdoor coil and 

locations of temperatures sensors 

 

 

4.2.1.2 PCM based heat exchanger  

 

The PCM-HE was designed as a thermally insulated shell-and-tube storage unit with 

the PCM on the shell side and the refrigerant being circulated inside the tubes, to 

maximize the heat transfer between refrigerant and PCM. Fig. 4.3 shows its detailed 

structure. As seen, there were an outer shell and an inner shell, both made of acrylic. 

The diameter of outer shell was 250 mm and that of the inner shell at 160 mm, both 

Airflow direction 
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at a height of 225 mm. Between the two shells, spiral refrigerant tubes, were placed, 

with the clearances between tubes and shells filled up with PCM.  

 

PCM
Outer shell

Inner shell

22
5m

m

PCM

Spiral refrigerant tube

Ф160mm

238mm
250mm

Inner shell 

Outer shell 

Part A

Part A  (Enlarged)

Refrigerant inlet Refrigerant outlet

Refrigerant flow

Spiral refrigerant tube

 

Fig. 4.3 Detailed structure of the PCM based heat exchanger used in the experimental 

ASHP unit 

 

With the control of the five solenoid valves (F1 to F5 in Fig. 4.1), different operating 

modes, such as those mentioned in Section 3.4, could be realized. When the PCM 

was storing heat, high temperature and high pressure refrigerant flowed through the 

spiral tube from bottom to top, heating the PCM. While the PCM was discharging 

heat, the flow direction of low temperature and low pressure refrigerant was 

reversed.  
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In selecting the appropriate PCM to be used in the PCM-HE, its melting point was 

carefully considered. It should be between the operating condensing temperature and 

the operating evaporating temperature of an ASHP unit, but not close to both 

temperatures to allow an adequate temperature difference for heat exchange. Its ideal 

melting point was approximately 10 oC lower than condensing temperature, so as to 

facilitate efficient heat releasing from a PCM during defrosting. In addition, if the 

melting point of a PCM was close to condensing temperature, a slower heat storage 

process during heating/heat storing was resulted in. Furthermore, a higher suction 

temperature during defrosting would also be resulted in, leading to compressor 

overheating. 

 

Therefore, according to the operating temperatures of the experimental ASHP unit, 

the melting point of the PCM to be used would ideally be between 20 oC and 30 oC. 

Table A1 in Appendix A shows the properties of various PCMs whose melting point 

is between 20 oC and 30 oC [Zalba et al. 2003]. In general, PCMs can be classified 

into organic type, inorganic type and binary mixture, among which inorganic PCM 

has been widely used currently because of its high thermal conductivity and 

excellent chemical stability. 

 

 

 

 



 67 

Table 4.2 The physical and thermal properties of CaCl2·6H2O  

Properties  Value Unit 

Melting point 29 oC 

    Heat of fusion 190.8 kJ/kg 

Specific heat 

 (I) Solid 1.46  kJ/kg oC 

 (II) Liquid  2.13  kJ/kg oC 

Thermal conductivity 

    (I) Solid at 23 oC 1.088  W/m oC 

    (II) Liquid at 38.7 oC 0.540  W/m oC 

Density 

 (I) Solid at 23 oC 1802  kg/m3 

 (II) Liquid at 38.7 oC 1562  kg/m3 

 

In the current study, CaCl2·6H2O, an inorganic PCM whose physical and thermal 

properties are shown in Table 4.2, was chosen because of its following excellent 

characteristics: 

 

 high heat of fusion (190.8 kJ/kg) 

 suitable melting point (29 oC) 

 higher thermal conductivity and excellent chemical stability 

 high density in both solid and liquid phases, suitable for small-sized PCM 



 68 

based heat exchanger 

 low price 

 non-corrosive to plastic and copper, and non flammable and explosive 

 

To obtain the highest possible defrosting performance, firstly, the storage capacity of 

the PCM should be determined based on the frequency of defrost cycle, outdoor air 

temperature and humidity and the capacity of an ASHP unit, etc. Otherwise, 

insufficient energy would be available at the later part of a defrosting cycle, slowing 

down an entire defrosting process. Secondly, the PCM-HE should be able to release 

the stored energy quickly to ensure that the energy stored could be used efficiently 

for defrosting. On the other hand, although a large PCM-HE may speed up a 

defrosting process, it could also lead to energy waste due to increased surface area. 

Therefore, it was very important to size the PCM-HE appropriately to facilitate the 

development of the novel TES-based reverse cycle defrosting method. Based on the 

evaluated amount of heat necessary for effective defrosting, 1.8 kg of CaCl2·6H2O 

was used in the PCM-HE, so that ~343 kJ of latent heat could be stored in the 

PCM-HE for defrosting. 

 

 

4.2.2 Environmental chamber 

 

The experimental ASHP unit was installed in an existing environmental chamber 
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having a simulated heated indoor space and a simulated frosting outdoor space. The 

two spaces were separated by a thermally insulated partition. The sizes of both indoor 

and outdoor spaces were each measured at 3.9 m (L) × 3.8 m (W) × 2.8 m (H). The 

existing chamber in the experimental setup had a separate air conditioning (A/C) 

system and sensible and latent load generating units (LGUs), so that suitable testing 

conditions in both indoor and outdoor spaces may be maintained, as illustrated in Fig. 

4.4. 

 

 

Fig. 4.4 The schematic diagram of the environmental chamber 

 

The A/C unit mainly included a variable-speed rotor compressor, an EEV, an air 

cooled tube-plate-finned condenser and a high-efficiency louver-fin-and-tube direct 

expansion (DX) evaporator, a supply fan, etc. The nominal output cooling capacity 

from the DX A/C system was 9.9 kW, but the actual output cooling capacity could 

DX A/C unit Variable - speed  
supply fan 

Condensing 
unit with  
variable - speed  
compressor 

 

- 

Return air 
Supply air 

t=~20-22 oC 
 

Load 
generating 
units (LGUs) 

Heated indoor space 
 

Load 
generating 
units(LGUs) 

t=~0 oC 
 

Frosting outdoor space 
 
 

- 



 70 

however be modulated from 15% to 110% of the nominal capacity. Both supply air fan 

and compressor were driven by variable-frequency drives (VFD). The working fluid 

of the plant was refrigerant R22. The sensible and latent heating capacities of the 

LGUs were 12 kW and 4.8 kW, respectively. The heat and moisture generation rate 

regulated by Solid State Relay (SSR) may be varied manually or automatically with a 

pre-set pattern through operator’s programming. Test conditions in both the indoor 

space and the outdoor space were monitored with air temperature and humidity 

measuring sensors located in the rooms. During normal heating (or frosting) operation, 

the frosting environment in the outdoor space was maintained by running the 

experimental ASHP unit and LGUs together while the heated environment in the 

indoor space jointly by the experimental ASHP unit, the A/C system and LGUs. 

 

 

4.3 Computerized instrumentation and data acquisition system (DAS) 

 

The computerized instrumentation for the experimental setup is also shown in both Fig. 

4.1 and Fig. 4.2. The experimental setup was fully instrumented for measuring all of 

its operating parameters, which may be classified into three types, temperature, 

pressure and flow rate. Since all measurements were computerized, all sensors and 

measuring devices are able to output direct current (DC) signal of 4-20 mA or 1-5 V, 

which were transferred to a DAS for logging and recording. 
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4.3.1 Sensors/measuring devices for temperatures, pressures and flow rates 

 

Pre-calibrated K-type thermocouples were used for measuring the temperatures of 

tube/coil surfaces of the outdoor coil. Eight of them were for measuring the 

refrigerant tube surface temperatures at both the inlets and exits of the four 

refrigerant circuits of the outdoor unit. Furthermore, a thermocouple was placed at 

the outlet of the water collecting pan to measure the temperature of the melted frost. 

The temperature sensors for air were of platinum Resistance Temperature Device 

(RTD) type (PT100, Class A) with a pre-calibrated accuracy of ± 0.1 ºC. Five RTDs 

were fixed evenly at outlet of the indoor unit to measure dry bulb temperature of the 

supply air.  

 

On the other hand, in the experimental ASHP unit, refrigerant pressures were 

measured using pressure transmitters with an accuracy of ± 0.3% of full scale reading 

and refrigerant mass flow rate by a variable area flow meter with a reported accuracy 

of ± 1.6% of full scale reading.  

 

Fig. 4.5 shows the airside details of outdoor unit of the experimental ASHP unit 

installed in the frosting outdoor space of the experimental setup. An air sampling 

device with 28 sampling points was placed upstream of the outdoor unit, and then 

the sampled air was mixed and its temperature and humidity were measured by a 

temperature sensor (PT100, Class A) and a humidity transmitter (of ± 3.0% 

accuracy). On the other hand, air temperature and humidity downstream of the 

outdoor coil were measured by a hygrosensor (± 0.2 oC and ± 1.0% RH accuracy, 
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respectively) located inside an air duct 900 mm downstream of the outdoor unit 

outlet. To ensure the best possible measuring accuracy, the humidity transmitter 

positioned upstream of the outdoor coil was calibrated by using the hydrosensor. 

Furthermore, the air flow rate passing through the outdoor coil was measured by 

using a flow hood (of ± 3% accuracy) with a 16-point velocity grid located 

downstream of a 600 × 600 mm air duct of 900 mm long.  

 

Air duct
Flow hood

Air sampling device
Outdoor unit 

Air velocity grid

PT100 and humidity transmitter

Hygrosensor

600×600 mm

900 mm

 

Fig. 4.5 The airside details of outdoor unit of the experimental ASHP unit installed in 

the frosting outdoor space of the experimental setup   

 

The airflow rate of the indoor unit was obtained from averaging velocity at five evenly 

distributed points multiplied by area of air outlet. Air velocity was measured using air 

velocity transducer (of accuracy ± 1.0%) at the five points.  
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On the other hand, a measuring cylinder was located under the water collecting pan 

for measuring the amount of the melting water. The power consumption of the 

compressor was measured using a pulse-width-modulation (PWM) digital power 

meter with a reported uncertainty of ± 2% of reading. 

 

 

4.3.2 The DAS and calculation 

 

A data acquisition unit was used in this experimental setup. It provided up to 66 

channels for measuring/monitoring various operating parameters of the setup. The 

DC signal from various measuring devices/sensors could be scaled into their real 

physical values of the measured parameters using a data logging & control 

supervisory program. The data sampling interval during experimentation was 5 s.  

 

 

4.3.3 Evaluating the mass of accumulated frost on outdoor coil surface  

 

With the availability of the above instrumentation on the airside of the outdoor coil, 

the air parameters up- and down-stream of the outdoor coil, such as air temperatures 

and moisture contents may be real time measured and the mass of frost accumulated 

during the period of t∆  can be evaluated by Equation (4.1) [Guo et al. 2008]:  
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where ma is the mass flow rate of the air across the outdoor coil, wi and we are the air 

moisture contents at the inlet and the exit of the outdoor coil, respectively, which can 

be obtained by: 

 

 622
(101.325 )

asw

asw

pw
p

ϕ
ϕ

=
−

 (4.2) 

 

where ϕ is the measured air relative humidity, and aswp  is the saturated water 

vapor pressure as a function of measured dry-bulb temperature, adbt . aswp  can be 

estimated by the following equations: 

 

when adbt is between -100 and 0 ºC: 

 

( )3 1 -3 7 2 9 3 13 45.67 10 6.39 9.68 10 6.22 10 +2.07 10 -9.48 10 4.16 ln

1000

adb adb adb adb adb adbT T T T T T

asw
ep

− − − −− × + − × + × × × + ×

=  (4.3a) 

 

when adbt is between 0 and 200 ºC: 

 

 ( )3 1 4 2 7 35.800 10 1.391 0.0486 0.418 10 0.145 10 6.546 ln

1000

adb adb adb adb adbT T T T T

asw
ep

− − −− × + − + × − × + ×

=  (4.3b) 

 

where adbT is the absolute air temperature, to be evaluated by: 
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 273adb adbT t= +  (4.4) 

 

In this study reported in this thesis, t∆  was set at 5 s, same as the time interval used 

for data logging. Hence, the actual total amount of frost formed on the outdoor coil 

surface, Mf, could be real time evaluated by summing up fM∆ , displayed and 

recorded using the data logging supervisory program. 

 

 

4.4 The control of refrigerant superheating 

 

To facilitate carrying out the investigation of effects of an EEV under different 

control strategies on reverse cycle defrosting performance, the original control loop 

for the EEV of commercially available ASHP unit before retrofit was disabled, and a 

new control loop to maintain a certain refrigerant degree of superheating at the 

compressor suction using PID controller was developed. The PID controller’s 

proportional band, integral times, and set points were all allowed to be reset.  

 

The PID control loop worked as follows: when enabled, the PID controller monitored 

both pressure and temperature at compressor suction. The pressure was used to 

determine the saturated evaporating temperature, and then difference between the 

suction temperature and the saturated evaporating temperature was the operating 

degree of superheat (DS). Then the controller compared the operating DS with its set 

point. A deviation was processed in the controller according to a pre-set PID control 

algorithm and a digital control signal was produced and sent by the PID controller to 

a driver for EEV motor to regulate its opening.  
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4.5 Conclusions 

 

To facilitate the intended research work reported in this thesis, an experimental ASHP 

setup was constructed. The experimental setup mainly included the experimental 

ASHP unit, the existing environmental chamber and the instrumentation and DAS.  

 

The experimental ASHP setup was fully instrumented using high quality 

sensors/measuring devices. Totally thirty-nine operating parameters in the setup 

could be real-time measured, monitored, recorded and processed by a data logging & 

control supervisory programs.  

 

The availability of such an experimental setup was expected to be extremely useful 

in investigating the operating performance of novel TES-based reverse cycle 

defrosting method to be developed, as well as operating performance evaluations for 

ASHP systems. 

  

Photos showing the details of the experimental ASHP setup are in Appendix B, and 

the list of the measured parameters is in Appendix C. 
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Chapter 5  

Operational Performances of an Experimental ASHP Unit Using a 

Novel TES-Based Reverse Cycle Defrosting Method – Refrigerant 

Side 
 

5.1 Introduction 

 

As mentioned in Chapter 2, for an ASHP unit, during a standard reverse cycle 

defrosting process, its indoor air fan is normally switched off. In this case, the energy 

to melt frost mainly comes from that stored in indoor coil metal and the input work 

to compressor, which is not sufficient for quick defrosting. Insufficient heat available 

during defrosting is currently a fundamental problem as far as reverse cycle defrost 

is concerned, with which a number of operational problems during defrosting for 

ASHPs are associated. These include a prolonged defrosting time when a lower 

indoor air temperature inside a heated space can be resulted in since no heating is 

provided during defrosting, so that the thermal comfort of occupants can be 

adversely affected. Furthermore, because an indoor coil is at a very low temperature 

immediately after the completion of defrosting, it would take a longer time to heat up 

the coil first before space heating can become available. This further lengthens the 

time period without effective heating. Although previous related studies on 

improving reverse cycle defrosting performance for ASHPs are available in the open 

literature [Young 1980, Nutter et al. 1996, Wang et al. 2008, Liang et al. 2010, Choi 
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et al. 2011], the fundamental problem of insufficient heat available during reverse 

cycle defrosting remains unaddressed. 

 

In order to solve this fundamental problem, a novel thermal energy storage (TES) 

based reverse cycle defrosting method using PCM has been developed for ASHPs, 

and the operating performances of the experimental ASHP unit, as part of the 

experimental setup reported in Chapter 4, using the novel TES-based reverse cycle 

defrosting method have been experimentally studied. This Chapter reports the 

operating performances on the refrigerant side of the experimental ASHP unit. Firstly, 

three operating modes of the experimental ASHP unit, namely, standard heating and 

reverse cycle defrosting, parallel TES-based heating and reverse cycle defrosting, 

and serial TES-based heating and reverse cycle defrosting, are presented. Then, the 

experimental results of the operating performances on the refrigerant side during 

heating or TES-based heating process, defrosting process and heating resumption 

process at the three modes are presented and analyzed. On the other hand, the airside 

performances of the experimental ASHP unit and indoor thermal comfort 

characteristics using the TES-based reverse cycle defrosting method will be reported 

in Chapter 6. 
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5.2 Experimental conditions  

 

All experimental work reported in this Chapter was carried out using the 

experimental ASHP setup whose schematic diagram is shown in Fig. 4.1 in Chapter 

4.  

 

5.2.1 Comparative experiments: mode and procedures 

 

Three operating modes can be realized with the experimental ASHP unit, namely, 

standard heating and reverse cycle defrosting (Mode A), parallel TES-based heating 

and reverse cycle defrosting (Mode B), and serial TES-based heating and reverse 

cycle defrosting (Mode C). Figs. 5.1 to 5.5 show the refrigerant flow direction at 

each of the three operating modes. 

 

Comparative experiments were carried out at the following three operating modes:  

 

Mode A: Standard heating and reverse cycle defrosting operating mode (Fig. 5.1 and 

Fig. 5.2, baseline mode)  
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Fig. 5.2 Mode A: Standard reverse cycle defrosting  

 



 81 

 

 

P

P

P
F.M

Compressor
Accumulator

Four way 
valve

Indoor coil

Outdoor coil

PCM-HE

Reciever

P

Measuring  Cylinder

F2 F1

F4

F5

EEV

F3

Frosting outdoor spaceHeated indoor space

Water collecting pan

Fig. 5.3 Mode B: Parallel TES-based heating  

 

 
P

P

P
F.M

Compressor
Accumulator

Four way 
valve

Indoor coil

Outdoor coil

PCM-HE

Reciever

P

Measuring  Cylinder

F2 F1

F4

F5

EEV

F3

Frosting outdoor space Heated indoor space

Water collecting pan

Fig. 5.4 Mode C: Serial TES-based heating  
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Fig. 5.5 Mode B and Mode C: TES-based reverse cycle defrosting  

 

During a standard heating operation, air temperature and RH inside the heated indoor 

space were maintained at 22 ºC and 50%, respectively, jointly by the use of the 

experimental ASHP unit, the existing A/C system and LGUs. The experimental 

ASHP unit was then operated in the heating (or frosting) mode for 1.5 hours with 

both Valves F1 and F5 in open position, and F2, F3 and F4 in closed position. During 

the 1.5 hours heating (or frosting) period, the amount of frost accumulation on 

outdoor coil surface of the experimental ASHP unit was real time evaluated using 

Equations (4.1) to (4.4). After defrosting was initiated, the four way valve was 

reversed, as shown in Figs. 5.1 and 5.2. The experimental results obtained at this 

operating mode would provide a base for comparison. 
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When adopting TES-based heating in both Mode B and Mode C, the ASHP unit was 

firstly operated in standard heating mode for 10 minutes, in order to maintain a 

stable operation and provide a baseline for comparison.  

 

Mode B: Parallel TES-based heating and reverse cycle defrosting operating mode (Fig. 

5.3 and Fig. 5.5) 

 

At this operating mode, air temperature and RH inside the heated space were also 

maintained at 22 ºC and 50%, respectively, jointly by the use of the experimental 

ASHP unit, the existing A/C system and LGUs. The outputs from both A/C system 

and the LGUs were however slightly different from that at operating Mode A in order 

to simulate a smaller heating load, so that there was surplus heat available for storage 

in the PCM-HE. After 10 min of standard heating operation, with the Valves F1, F2, 

F4 and F5 in open position, and F3 in closed position, the hot refrigerant gas flowed 

through both the indoor coil and the PCM-HE, as shown in Fig. 5.3. To facilitate 

carrying out of the intended comparative experiments, the amount of frost formed on 

the surface of outdoor coil must be the same as that formed at Mode A after the 1.5 

hours frosting (heating) operation. To this end, the actual amount of the frost formed 

was also real-time evaluated and a defrosting operation was not enabled until the same 

amount of frost formed as that at Mode A operation arrived.  

 

During TES-based reverse cycle defrosting, Valves F2 and F4 were in open position, 
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and F1, F3 and F5 in closed position, as shown in Fig. 5.5. The PCM-HE actually 

acted as an evaporator, and the energy stored in PCM was discharged and used to melt 

the frost on outdoor coil surface.  

 

Mode C: Serial TES-based heating and reverse cycle defrosting operating mode (Fig. 

5.4 and Fig. 5.5) 

 

At this operating mode, air temperature and RH inside the heated space were the same 

as that at Mode A and Mode B, i.e., 22 ºC and 50%, respectively, jointly by the use of 

the experimental ASHP unit, the existing A/C system and LGUs. After 10 min of 

standard heating operation, Valves F1, F3 and F4 were in open position, and F2 and F5 

in closed position, as illustrated in Fig. 5.4, and hot refrigerant gas flowed through the 

indoor coil and the PCM-HE successively. The sensible heat of refrigerant was then 

absorbed by and stored in PCM through melting. Therefore, at this operating mode, 

the PCM-HE acted both as a sub-cooler during heating and, same as at Mode B, as a 

heat source during defrosting. Also, the initiation of the TES-based reverse cycle 

defrosting process was the same as that in Mode B. 

 

The positions of all the solenoid valves at the three operating modes are listed in Table 

5.1. 
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Table 5.1 The positions of all the solenoid valves at the three operating modes 

Mode  F1 F2 F3 F4 F5 

A i) Standard heating O C C C O 

 ii) Standard reverse cycle defrosting O C C C O 

B i) Parallel TES-based heating  O O C O O 

 ii) TES-based reverse cycle defrosting C O C O C 

C i) Serial TES-based heating  O C O O C 

 ii) TES-based reverse cycle defrosting C O C O C 

O: Open;     C: Closed. 

 

During carrying out the comparative experiments at the above three operating modes, 

the frosting outdoor space in the experimental setup was maintained at 0 ± 0.1 ºC 

(dry-bulb) and 90% ± 3% relative humidity, jointly by the use of both the 

experimental ASHP unit and the LGUs placed there, to simulate an outdoor frosting 

environment for the ASHP unit so that frost can be formed on the surface of its 

outdoor coil. Table 5.2 shows the experimental conditions in both indoor and outdoor 

spaces used in experiments. For safety reason, at the end of a frosting (i.e., heating or 

TES-based heating) operation, compressor was switched off for one minute. After that, 

the four way valve was reversed for defrosting operation. Four seconds later, the 

compressor was turned on again and a defrosting operation was started. 
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Table 5.2 Experimental conditions 

Parameters Values 

Heated indoor space  

Temperature (ºC) 22 

RH (%) 50 ± 3 

Frosting outdoor space  

Temperature (ºC) 0 ± 0.1 

RH (%) 90 ± 3 

Face velocity of outdoor coil (m/s) 1.8* 

Heating (frosting) operation time (h) 1.5# 

*: at the beginning of a heating (frosting) operation. It would become lower as the 

operation progressed.  

#: for standard heating only 

 

Defrosting operations were manually terminated when the tube surface temperature at 

the outlet of the lowest refrigerant circuit in the outdoor coil reached 18 ºC [Payne and 

O’Neal 1995, Ding et al. 2004, Huang et al. 2004]. Both the indoor air fan and the 

outdoor air fan during defrosting operations were turned off. After a defrosting 

operation was manually terminated, also for safety reason, the compressor was turned 

off for one minute. Then the four way valve was reversed to heating operation. Four 

seconds later, both the compressor and the outdoor air fan were turned on, but the 

indoor air fan remained off for a further period of 3 minutes to avoid blowing cold air 
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directly to the indoor heated space, when the indoor coil was still at a low temperature. 

When the indoor air fan was turned on, the experimental ASHP unit was in heating 

operation again.  

 

 

5.2.2 Data reduction 

 

During defrosting, because both indoor air fan and outdoor air fan were turned off, 

the input power only to compressor, P, was real time monitored, so that the actual 

amount of energy consumption by the experimental ASHP unit during defrosting can 

then be evaluated by: 

 

 
0

=dt

dW Pdt P t
 

 
= ⋅∆∑∫  (5.1) 

 

where t∆ =5 s, same as time interval used for data logging and td is the defrosting 

duration, which is the time period starting from defrosting initiation to termination. 
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5.3 Experimental results and discussions 

 

5.3.1 Refrigerant side performances of the experimental ASHP unit during 

heating or TES-based heating process 

 

The operating performances on the refrigerant side of the experimental ASHP unit 

during heating or TES-based heating process in the three operating modes are 

presented in this section. In order to allow the same amount of the frost as that at 

Mode A to form, the parallel TES-based heating process (Mode B) actually lasted for 

93.7 min, while the serial TES-based heating process (Mode C) lasted for 90 min.   

 

The measured variation profiles of the refrigerant discharge pressures and 

temperatures during heating or TES-based heating process in the three operating 

modes are shown in Figs. 5.6 and 5.7. As seen in Fig. 5.6, the measured discharge 

pressure in Mode A was stabilized at about 16.6 bar. However, at 10 min when the 

experimental ASHP unit began to operate in parallel TES-based heating (Mode B), the 

measured discharge pressure firstly increased sharply to 17 bar, then decreased 

gradually and leveled at ~16.5 bar for the next 25 minutes. Afterwards, the measured 

discharge pressure increased again, and reached 17.7 bar at the end of the parallel 

TES-based heating operation. However, in Mode C, the measured discharge pressure 

firstly dropped to 16 bar at ~10 min and then increased gradually to 17.2 bar.  
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     Fig. 5.6 The measured discharge pressures during heating or the TES-based heating 

process 
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    Fig. 5.7 The measured discharge temperatures during heating or the TES-based 

heating process 

 

Start of heating and heat storage 

Start of heating and heat storage 



 90 

As shown in Fig. 5.7, the measured refrigerant discharge temperatures were 

maintained at around 55.8 oC in Mode A and 53.2 oC in Mode C, respectively, while 

in Mode B, the measured discharge temperature began to decrease at the beginning 

of the parallel TES-based heating operation, and reached its minimum of 45.6 oC at ~ 

42 min. Afterwards, it increased gradually and stabilized at around 48.6 oC.  

 

The measured compressor suction pressures in the three operating modes during 

heating or the TES-based heating process were very close to each other, at 4.26 bar in 

Mode A, 4.34 bar in Mode B, and 4.26 bar in Mode C, respectively. The measured 

suction pressure or the evaporating temperature in Mode B was the highest, leading to 

the longest frosting time to obtain the same amount of frost, comparing to those in 

Mode A and Mode C.  

 

The measured compressor suction temperatures during heating or TES-based heating 

process are presented in Fig. 5.8. As seen, the measured suction temperature in Mode 

B was higher than those in Mode A and Mode C. The suction temperature dropped 

slightly to -4.3 oC at ~ 36 min in Mode B. Afterwards, it rose gradually to -3.9 oC. In 

Mode C at ~18 min, the measured suction temperature began to decrease from -4.3 oC 

to -5 oC, and then increased gradually to -4.4 oC. 
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     Fig. 5.8 Measured suction temperatures during heating or TES-based heating 

process 

     

Fig. 5.9 shows the results of measured refrigerant temperatures at both inlet and outlet 

of the PCM-HE during the TES-based heating process in both Mode B and Mode C. 

As seen, both the refrigerant temperatures at the inlet and outlet of the PCM-HE in 

Mode C were lower than those in Mode B, because during the serial TES-based 

heating process, the refrigerant flowing through the PCM-HE was sub-cooled. In 

Mode B, the time period from 10 min to ~ 36 min could be regarded as a latent heat 

storage period. Afterwards, the refrigerant temperature at PCM-HE outlet was close to 

that at inlet, because the amount of heat transfer from the refrigerant to the PCM was 

reduced dramatically. In Mode C, a latent heat storage period started from 10 min to 

almost the end of the operation. The latent heat storage process lasted longer in Mode 

C because the sub-cooled refrigerant could only discharge sensible heat to the PCM.  

Start of heating and heat storage 
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Fig. 5.9 Measured refrigerant temperatures at inlet and outlet of PCM-HE during 

heating or TES-based heating process 

 

As seen in Fig. 5.9, the PCM went through phase change from 10 min to 36 min in 

Mode B. In this period, the PCM stored heat by melting, and hence the heat exchange 

between refrigerant and PCM was enhanced. Then the degree of sub-cooling of 

refrigerant at the outlet of the PCM-HE could be increased, leading to a higher degree 

of sub-cooling of the refrigerant mixture from the PCM-HE and the indoor coil before 

entering the EEV. Consequently, the suction temperature (shown in Fig. 5.8) was 

reduced thus the discharge temperature (shown in Fig. 5.7) was correspondingly 

reduced. When the latent heat storage process ended, heat storage ability by liquid 

PCM was reduced dramatically, leading to incomplete heat transfer between the PCM 

and refrigerant. The degree of sub-cooling of the refrigerant mixture dropped before 

entering the EEV. Therefore, the suction temperature (shown in Fig. 5.8) was 

Inlet of PCM-HE 

Outlet of PCM-HE 

Start of heating and heat storage 
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increased, leading to an increased discharge temperature (shown in Fig. 5.7). When 

the experimental ASHP unit was operated in Mode C, the PCM-HE acted as a 

sub-cooler and the refrigerant was further sub-cooled after flowing through the 

PCM-HE. However, during the serial TES-based heating process, the amplitudes of 

variations in refrigerant temperature and pressure were smaller than those in Mode B, 

which may be caused by a slower heat storage process due to the fact the refrigerant in 

sub-cooled region could only discharge sensible heat to the PCM. 

 

From the operating performances on the refrigerant side of the experimental ASHP 

unit shown in Figs. 5.6 to 5.9, it can be seen that during the parallel TES-based heating, 

relatively larger fluctuations in compressor discharge pressure, compressor discharge 

and suction temperature could occur, as compared to those during the serial 

TES-based heating. However, with a higher suction pressure during the parallel 

TES-based heating process, defrosting initiation can be delayed. 

 

 

5.3.2 Refrigerant side performances of the experimental ASHP unit during 

defrosting process 

 

With both the same frosting outdoor condition and the same amount of frost formed 

on outdoor coil surface, the operational performances of the experimental ASHP unit 

during defrosting using the TES-based reverse cycle defrosting method, i.e., in both 
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Mode B and Mode C, were different from that using standard reverse cycle 

defrosting method in Mode A, as shown from Figs. 5.10 to 5.14. The measured 

defrosting durations, were 535 s (~ 9 min) in Mode A, 340 s (5 min 40 s) in Mode B 

and 475 s (~ 8 min) in Mode C, respectively. Therefore, defrosting duration can be 

shortened by 36.4% and 11.2% when the TES-based reverse cycle defrosting method 

was used in Mode B and Mode C, respectively, as compared to the use of the 

standard reverse cycle defrosting method.  

 

As seen in Fig. 5.10, when using the TES-based reverse cycle defrosting method 

(Mode B and Mode C), the surface temperatures at the exit of the lowest circuit of 

the outdoor coil increased at a faster pace than when the standard reverse cycle 

defrosting method (Mode A) was used. However, it took longer for the temperature 

at the exit of the lowest circuit in Mode C to reach 18 oC, than that in Mode B. This 

was because the heat storied in PCM-HE in Mode C was not as sufficient as that in 

Mode B, as reflected in Fig. 5.9. On the other hand, during defrosting in the three 

modes, the surface temperature significantly fluctuated, as seen in Fig. 5.10. This 

may have been caused by the downwards flowing of melted frost from upper 

circuits.  
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      Fig. 5.10 Measured surface temperatures at the exit of the lowest circuit of the 

outdoor coil during defrosting process 

 

Figs. 5.11 and 5.12 show the measured variation profiles of compressor discharge 

pressure and suction pressure during defrosting operation in the three modes. As 

seen in Fig. 5.11, the measured averaged compressor discharge pressure in Mode B 

was at 17.7 bar, which was higher than those in Mode A and Mode C, at 16.3 bar and 

16.1 bar, respectively. In Fig. 5.13, the suction pressure in Mode B was higher than 

that in Mode A. The averaged suction pressures were 4.22 bar in Mode A, 6.28 bar in 

Mode B and 5.04 bar in Mode C, respectively. This was due to the fact that when 

using the TES-based reverse cycle defrosting method, the PCM-HE, rather than the 

indoor coil, acted as evaporator, thus a higher evaporating temperature may be 

resulted in. However, when using standard reverse cycle defrosting method, the 

indoor coil acted as evaporator, causing a significant reduction in evaporating  
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   Fig.5.11 Measured discharge pressures during defrosting process 
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   Fig.5.12 Measured suction pressures during defrosting process  

 

temperature or suction pressure. With a higher evaporating pressure or temperature, 

the risk of shutting down the ASHP unit due to low suction pressure can be 
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minimized, if not eliminated. Therefore, the operational stability of an ASHP unit 

during defrosting can be improved when using the TES-based reverse cycle 

defrosting method. 

 

The refrigerant flow rates during defrosting operation in the three operating modes 

are shown in Fig. 5.13. Refrigerant flow rates in Mode B and Mode C were higher 

than that in Mode A, possibly resulting from a higher suction pressure thus a lower 

specific volume before entering compressor when using the TES-based reverse cycle 

defrosting method. Besides, the refrigerant flow rates increased at a faster pace in 

Mode B and Mode C than in Mode A. 
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   Fig. 5.13 Measured refrigerant flow rates during defrosting process 

 

Fig. 5.14 shows refrigerant temperatures at the inlet and outlet of PCM-HE during 
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defrosting in both Mode B and Mode C. As seen, more heat was discharged from the 

PCM in Mode B than in Mode C.  
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      Fig. 5.14 Measured refrigerant temperatures at the inlet and outlet of PCM-HE 

during defrosting process 

 

As seen from Figs. 5.10 to 5.14, when using the novel TES-based reverse cycle 

defrosting method, sufficient heat was supplied from the PCM-HE so that the 

experimental ASHP unit was operated with a higher condensing temperature during 

defrosting. Consequently, a higher outdoor coil surface temperature was resulted in, 

which enabled a quicker defrosting process. 

 

On the other hand, with the real time measured values of P as well as the defrosting 

duration, td, the energy consumption for defrosting as evaluated by Eq. (5.1) was 

At PCM-HE outlet 

At PCM-HE inlet 
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448.5 kJ in Mode A, 266.2 kJ in Mode B and 387.5 kJ in Mode C, respectively. 

Therefore, the energy consumption for defrosting in Mode B was reduced by 40.6% 

and by 13.6% in Mode C, as compared to that in Mode A. This was due to a shorter 

defrosting duration when using the TES-based reverse cycle defrosting method.  

 

 

5.3.3 Refrigerant side performances of the experimental ASHP unit during 

heating resumption process 

 

Heating resumption followed a defrosting process. When the compressor was 

running again, the outdoor air fan was switched on at the same time, but the indoor 

air fan was remained off to avoid blowing cold air to the heated indoor space. After 

the compressor was running for 3 min, the indoor air fan was switched on.  

 

Fig. 5.15 presents the measured variation profiles of compressor discharge pressure 

during heating resumption in the three operating modes. The discharge pressures 

began to increase in the earlier part of the heating resumption operation, with more 

increase in Mode B and Mode C than that in Mode A, suggesting that it was easier to 

resume space heating when using the TES-based reverse cycle defrosting method. 

Furthermore, there was a decrease in the discharge pressure at 3 min into heating 

resuming process in all the three modes, which was caused by switching on the 

indoor air fan.  
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    Fig. 5.15 Measured compressor discharge pressures during heating resuming process 

 

Fig. 5.16 shows the measured compressor suction pressure during heating 

resumption. At about 5 min, the suction pressures in all the three operating modes 

reached their respective minimum values, at 2.1 bar in Mode A, 3.2 bar in Mode B 

and 2.6 bar in Mode C. For Mode A, the lowest suction pressure was only at 2.1 bar, 

so that the reliability of the ASHP unit was low since the compressor could be shut 

down because of low suction pressure. However, using TES-based reverse cycle 

defrosting can help avoid compressor shutdown because of a relatively high suction 

pressure. 
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     Fig. 5.16 Measured compressor suction pressures during heating resumption 

 

 

5.4. Conclusions 

 

A novel TES-based reverse cycle defrosting method for ASHPs has been developed, 

so as to address the fundamental problem of insufficient heat available when using 

the standard reverse cycle defrosting method. 

 

Comparative experiments using both the novel TES-based reverse cycle defrosting 

method and the standard reverse cycle defrosting method were designed and carried 

out. The experimental results on the refrigerant side performances of the 

experimental ASHP unit suggested that the use of the novel TES-based reverse cycle 
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defrosting method would lead to the following advantages: 

 

1. A shorter defrosting duration due to sufficient heat available for defrosting;  

2. A smoother transition from defrosting to space heating resumption for the ASHP 

unit;  

3. An enhanced reliablity of ASHP unit resulting from a higher suction pressure 

during defrosting and heating resumption; 

4. A reduced energy consumption for defrosting because of a shorter defrosting 

duration. 

 

The measured operating performances on the airside of the experimental ASHP unit 

and indoor thermal comfort characteristics using the TES-based reverse cycle 

defrosting method will be presented and discussed in Chapter 6. 
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Chapter 6  

Operational Performances of the Experimental ASHP Unit Using a 

Novel TES-Based Reverse Cycle Defrosting Method – Airside 
 

6.1 Introduction 

 

In Chapter 5, the operational performances on the refrigerant side of the experiment 

ASHP unit using the TES-based reverse cycle defrosting method are reported. The 

experimental results demonstrated that using the TES-based reverse cycle defrosting 

method could lead to a shorter defrosting duration and a smoother transition from 

defrosting to heating resumption. Therefore, it becomes clear that adopting the 

TES-based reverse cycle defrosting method would directly and indirectly affect 

indoor air temperature, humidity, air velocity and mean radiant temperature (MRT), 

and consequently indoor thermal comfort level during defrost and heating 

resumption.  

 

In this Chapter, the operational performances on the airside of the experimental 

ASHP unit and indoor thermal comfort characteristics using the TES-based reverse 

cycle defrosting method will be presented. Firstly, the well-known Fanger’s thermal 

comfort model is briefly introduced, with appropriate assumptions and 

simplifications. This is followed by reporting the measured indoor thermal 

parameters that were necessary for evaluating indoor thermal comfort under the 

standard reverse cycle defrosting method and the TES-based reverse cycle defrosting 
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method. Finally, the calculated indoor thermal comfort indexes based on the 

experimental results are discussed. 

 

 

6.2 Indoor thermal comfort  

 

6.2.1 Energy exchange between a human body and its environment 

 

According to ASHRAE Handbook Fundamentals [ASHRAE 2009], the energy 

balance between a human body and its environment, after combining the 

environmental and personal variables to produce a neutral sensation, can be 

expressed as follows: 

 

 ( ) ( ) ( )4 483.96 10 273 273cl cl r cl c cl adbM W f t t f h t t−  − = × + − + + −   

( )[ ] ( )[ ]15.5842.0007.073.505.3 −−+−−−+ WMpWM av         

( ) ( )0.0173 5.87 0.0014 34av adbM p M t+ − + −  (6.1) 

 

where M is the rate of metabolic heat production, W the rate of mechanical work 

accomplished, clf  clothing area factor, ch  convective heat transfer coefficient, clt , 

rt  and adbt  the clothing temperature, MRT and indoor air dry-bulb temperature, 

respectively, and avp  water vapor pressure. 
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The values of ch  and clf  can be estimated by using Equations (6.2) to (6.5) 

[ASHRAE 2009]: 

 

 

 

where va is the air velocity, and clI  the clothing insulation value. 

 

Clothing temperature, clt , is evaluated by [ASHRAE 2009]: 

  

 

where   

 

where clR is the thermal resistance of clothing. 

 ( )0.252.38c cl adbh t t= −  for ( )0.252.38 12.1cl adb at t v− >  (6.2) 

 12.1c ah v=  for ( )0.252.38 12.1cl adb at t v− <  (6.3) 

  clcl If 2.00.1 +=  for cloIcl 5.0<  (6.4) 

 clcl If 1.005.1 +=  for cloIcl 5.0>  (6.5) 

   ( ) JRWMt clcl −−−= 0275.07.35  (6.6) 

   ( ) ( )[ ] ( )[ ]15.5842.0007.073.505.3 −−−−−−−−= WMpWMWMJ av  

( ) ( )0.0173 5.87 0.0014 34av adbM p M t− − − −  (6.7) 
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MRT or rt , a key parameter in evaluating thermal comfort for occupants, is the 

temperature of an imaginary isothermal black enclosure in which an occupant would 

exchange the same amount of heat by radiation as in the actual nonuniform 

environment. Using the actually measured results of globe temperature, gt , indoor 

air dry-bulb temperature, adbt , and air velocity, va, the value of rt  can be estimated. 

However, the accuracy of rt  determined this way would vary considerably 

depending on the type of environment and the accuracy of the individual 

measurement. The instrument most commonly used to determine gt  is a black 

globe thermometer because of its simplicity (see Section 6.3.3). The temperature 

assumed by the globe at equilibrium results from a balance between heat gained and 

lost by radiation and convection, and rt  can be calculated from [ASHRAE 2009]: 

             

 ( ) ( )
1 48 0.64

0.4

1.10 10273 273a
r g g adb

vt t t t
Dε

 ×
= + + − − 
 

 (6.8) 

 

where D is the diameter of a globe. For a standard black globe, 15.0=D m. ε is the 

emissivity of a globe, and for a black globe, 95.0=ε . 

 

The water vapor pressure, avp , can be estimated by: 

 

 av aswp pϕ=  (6.9) 

 

where aswp  is the saturated water vapor pressure which can be estimated using 
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Equations (4.3). 

 

Equation (6.1) can be expanded to include a range of thermal sensations by using the 

PMV index. Fanger [1970] related PMV to the imbalance between the actual heat 

flow from a human body in a given environment and the heat flow required for 

optimum comfort at a specified activity by the following equation: 

 

 ( )[ ]LMPMV 028.0036.0exp303.0 +−=  (6.10) 

 

where L is the thermal load on the body, defined as the difference between the 

internal heat production and the heat loss to the actual environment for a person 

hypothetically kept at comfort values of mean skin temperature and sweat rate at the 

actual activity level. Hence: 

 

 ( ) ( ) ( )4 483.96 10 273 273cl cl r cl c cl adbL M W f t t f h t t−  = − − × + − + − −   

( )[ ] ( )[ ]15.5842.0007.073.505.3 −−−−−−− WMpWM av  

( ) ( )0.0173 5.87 0.0014 34av adbM p M t− − − −  (6.11) 

                                         

After estimating the PMV using Equation (6.10), the PPD can also be estimated. 

Fanger [1982] related the PPD to the PMV as follows: 

 

 ( )[ ]24 2179.003353.0exp95100 PMVPMVPPD +−−=  (6.12) 
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A PPD of 10% corresponds to the PMV range of ± 0.5, and even with PMV=0, about 

5% of the people are dissatisfied. The relationship between PMV and PPD is shown 

in Fig. 6.1. 
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Fig. 6.1 PPD as a function of PMV [ASHRAE 2009] 

 

Equations (6.1) to (6.12) are normally referred as Fanger’s PMV-PPD model. It has 

been widely used and accepted for design and field assessment of thermal comfort 

[Yang and Su 1997, Kumar and Mahdavi 2001, Chowdhury et al. 2008, Kuchen and 

Fisch 2009, Hwang and Shu 2011]. Both ISO Standard 7730 [1994] and the latest 

version of ANSI/ASHRAE Standard 55 [ASHRAE 2010] include a short computer 

listing that facilitates the computing of PMV and PPD for a wide range of 

environmental and clothes resistance parameters.  
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6.2.2 Simplifications of Fanger’s PMV-PPD thermal comfort model for the     

experimental study  

 

Fanger’s PMV-PPD thermal comfort model is normally applicable to sedentary or 

near sedentary physical activity levels. In this experimental study, occupants were 

assumed to sit quietly or relax in a heated indoor space served by the experimental 

ASHP unit, which could be considered as being in a sedentary physical activity level. 

Therefore, Fanger’s PMV-PPD thermal comfort model could be adopted as a base 

model. 

 

The metabolic rate for quietly seated occupants was 1.0 met. It was further assumed 

that occupants were immobile, therefore [ASHRAE 2010]: 

 

 60M = 2/W m  (6.13) 

 0W =  2/W m  (6.14) 

 

According to ISO 7730 [1994], in winter, the clothing normally worn by occupants 

provided a thermal insulation of 1 clo. This clothing value was used in the current 

study.  

                                                       

Based on the above assumptions, Equations (6.4) to (6.11) could be simplified to as 

follows: 
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 1.05 0.1 1 1.15clf = + × =  (6.15) 

                    

 27.1338 0.6336 0.013cl av adbt p t= − −  (6.16) 

 

 ( ) ( )4 4834.078 4.554 10 273 273cl rL t t−  = − × + − +   

( )1.15 4.088 0.084c cl adb av adbh t t p t− − + +  (6.17) 

   

 LPMV 0629.0=  (6.18) 

                                                         

There were four parameters: rt , adbt , avp , ch in Equations (6.18) and (6.12) to 

determine the required indoor thermal comfort indexes, i.e., PMV and PPD, 

respectively. However, the convection heat transfer coefficient, ch , was a function 

of air velocity, va; the water vapor pressure, avp , was a function of both indoor air 

dry-bulb temperature, adbt , and air RH level, ϕ . These may be experimentally 

obtained for determining PMV and PPD indexes. 

 

 

6.3 Experimentation 

 

6.3.1 Experimental conditions and operating modes 

 

All the operational performances on the airside of the experimental ASHP unit, as 
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well as the indoor thermal parameters necessary for thermal comfort evaluation, 

were obtained under the same indoor and outdoor conditions in the three modes 

which are already detailed in Chapter 5: standard heating and reverse cycle 

defrosting operating mode (Mode A), parallel TES-based heating and reverse cycle 

defrosting operating mode (Mode B) and serial TES-based heating and reverse cycle 

defrosting operating mode (Mode C). 

 

 

6.3.2 Measuring positions 

 

The four parameters to used for evaluating airside performance of the ASHP and 

indoor thermal comfort, i.e., indoor air dry-bulb temperature, relative humidity (RH) 

of indoor air, MRT and air velocity, were experimentally measured. The indoor air 

dry-bulb temperature and RH were obtained by using the existing measuring 

instruments of the environmental chamber. For the other two parameters, i.e., air 

velocity and MRT, according to ANSI/ASHRAE Standard 55 [2010], within an 

occupied zone, measurements should be made at locations where occupants are 

expected to spend their time. In this experimental setup, the measuring points inside 

the heated indoor space are shown in Fig. 6.2.  

 

There were totally 9 measuring points in the heated indoor space. At these 9 

measuring points (see Fig. 6.2), indoor air velocity was measured at three different 
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levels, i.e., 0.1, 0.6 and 1.1 m above floor level, corresponding to the ankle, waist 

and head levels of a seated occupant (see Fig. 6.3). On the other hand, globe 

temperature for determining MRT was measured at 0.6 m level at these 9 measuring 

points.  

 

Measuring ponits

Heated indoor space

Indoor part of 
the experimental ASHP To and from the

outdoor coil of the 
experimental ASHP

3700 200

100

800

800

700 700

100

1000

1000

3600

 

    Fig. 6.2 Measuring points inside the heated indoor space of the experimental 

setup  
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Fig. 6.3 Measuring points at three different levels (0.1, 0.6 and 1.1 m) 

in the heated indoor space of the experimental setup 

 

 

6.3.3 Measuring instruments for air velocity and MRT 

 

Air movement in the heated indoor space is a combination of forced flow by its 

ventilation system and free convection flows caused by temperature differences in 

the space. Air movement would therefore vary in both magnitude and direction. The 

air velocity is of a stochastic nature and often non-stationary. According to 

ANSI/ASHRAE Standard 55 [2010], the air velocity should be measured free of the 

influence of flow direction, therefore, an air velocity analyzer (of ± 3% accuracy) 

was used. The air velocity analyzer had a fast reacting omnidrectional probe tip fixed 

at each of the measuring points (see Fig. 6.4). On the other hand, nine black globe 

thermometers were used to measure globe temperature for the purpose of 

determining MRT [Vernon 1932, Bedford and Warmer 1934]. Under each operating 

1.1m 

0.6m 

0.1m 
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mode, the averaged room globe temperature, gt , was obtained by averaging the 

readings at 0.6 m level from all the 9 measuring points. Fig. 6.5 shows the setup of 

measuring globe temperature using a black globe thermometer in the heated indoor 

space. 

 

   

(a)Velocity measuring point  

at 0.1 m height 

(b)Velocity measuring point  

at 0.6 m height 

(c) Velocity measuring point  

at 1.1 m height 

Fig. 6.4 Air velocity measurements in the heated indoor space 

 

 

Fig. 6.5 A globe thermometer at 0.6 m height in the heated indoor space 
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6.3.4 Experimental results  

 

6.3.4.1 Airside performances of the experimental ASHP unit during heating or 

the TES-based heating  

 

Fig. 6.6 shows the temperature differences between supply air and indoor air in the 

three operating modes, which could reflect the heating capacity during heating or the 

TES-based heating. At the first 10 min, the temperature difference was ~10 oC. As 

seen, when the parallel TES-based heating began, the temperature difference 

between supply air and indoor air fell sharply to ~ 8 oC in Mode B, and only slightly 

decreased in Mode C. During heating or the TES-based heating, the average 

temperature differences were 9.89 oC in Mode A, 8.31 oC in Mode B and 9.47 oC in 

Mode C, respectively. Hence, during the parallel TES-based heating, the heating 

capacity was reduced to 84% of that during standard heating operation. However, 

during the serial TES-based heating, normal heating was not disturbed, thus the 

quality of space heating provided by the ASHP unit was not significantly reduced as 

96% of heating capacity during standard heating operation could be provided. 

Finally, as heating or the TES-based heating progressed, the temperature differences 

in all the three operating modes gradually became smaller, because frost was 

gradually accumulated on outdoor coil surface, so that the performance of the ASHP 

unit gradually deteriorated. 
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 Fig. 6.6 Measured temperature differences between supply air and indoor air during 

heating or TES-based heating  

 

Based on the above observed airside performances, it can be suggested that the 

parallel TES-based heating can be used at part load condition, and the serial 

TES-based heating at full load condition. Alternatively, an oversized heat pump 

should be employed when using the parallel TES-based heating at full load 

condition. 

 

 

6.3.4.2 Airside performances of the experimental ASHP unit during defrosting 

and heating resumption  

 

Figs. 6.7 to 6.11 show the measured indoor air parameters during defrosting and 

Start of heating and heat storage 
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heating resumption in the three operating modes. In all these figures, for horizontal 

(time) axis, 0 min is the actual starting point of defrosting operation, and the negative 

values are for frosting (heating or TES-based heating) operation prior to the start of 

defrosting operation. The defrosting durations were 535 s (~ 9 min) in Mode A, 340 s 

(5 min 40 s) in Mode B and 475 s (~ 8 min) in Mode C, respectively, as reported in 

Chapter 5.  

 

For the purpose of a better illustration, the comparison between measured supply air 

temperatures in Mode B and that in Mode A is shown in Fig. 6.7, and that between in 

Mode C and in Mode A in Fig. 6.8, respectively. It should be noted that during the 

period between defrost starting and indoor air fan starting (~13 min in Mode A , 9 min 

40 s in Mode B and ~12 min in Mode C as shown in the two figures), the supply air 

temperature was actually the ambient air temperature measured at supply outlet of the 

indoor unit since the indoor air fan was switched off. As seen, in the three modes, after 

the indoor air fan was turned on, the supply air temperatures experienced a sharp 

increase in a short period of time. This was because that before the fan was turned on, 

compressor was already running for 3 minutes, so that the indoor coil was heated. 

Accordingly, the air immediately surrounding the indoor coil was also heated. 

Therefore, after the fan was turned on, the heated air was blown off from the indoor 

coil. Afterwards, the supply air temperature significantly decreased because the indoor 

air at a lower temperature was sucked into the indoor coil. When the indoor air 

temperature started to increase, as shown in Fig. 6.9, the supply air temperature in the 
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three modes all started to increase, and stabilized at their respective steady-state values. 

Comparing with Mode A, when the TES-based reverse cycle defrosting method (Mode 

B and Mode C) was used, more energy could be provided by the PCM-HE, leading to 

a higher indoor coil temperature, and thus a higher supply air temperature. On the 

other hand, when using the standard reverse cycle defrosting method (Mode A), it took 

longer time to resume heating after defrosting because of low evaporating temperature 

(pressure) thus a low indoor coil temperature during defrosting. However, the increase 

in the supply air temperature in Mode C was not as great as that in Mode B where 

more heat for defrosting was available. 
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Fig. 6.7 Measured supply air temperatures in Mode A and Mode B during defrosting 

and heating resumption  
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Fig. 6.8 Measured supply air temperatures in Mode A and Mode C during defrosting 

and heating resumption  

 

Fig. 6.9 illustrates the measured indoor air dry-bulb temperatures in the three modes. 

As seen, the measured indoor air temperatures in Mode B and Mode C were always 

higher than that in Mode A, resulting from a shorter defrosting period and a higher 

supply air temperature in Mode B and Mode C. It can be seen that indoor air 

temperatures started to rise ~16 minutes in Mode A, ~10 minutes in Mode B and ~12 

minutes Mode C, respectively, after the defrosting started. Furthermore, the lowest 

indoor air dry-bulb temperatures recorded were 18.6 oC in Mode A at ~16 min, 20 oC 

in Mode B at ~10 min and 19.1 oC in Mode C at ~12 min, respectively.  
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Fig. 6.9 Measured indoor air dry-bulb temperature during defrosting and heating 

resumption  
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  Fig. 6.10 Measured indoor RH during defrosting and heating resumption  
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The measured indoor air RH levels in the three modes are shown in Fig. 6.10. As a 

fixed moisture load in the heated indoor space was maintained during experiments in 

the three modes, indoor RH was higher when the indoor air dry-bulb temperature 

was lower, and vice versa. 

 

On the other hand, indoor air velocity was obtained by averaging the 27 air velocity 

readings in the 27 (9×3 different levels) measuring points in the heated indoor space. 

In all the three operating modes, the averaged measured indoor air velocity was 0.37 

m/s and 0.04 m/s when the indoor air fan was switched on and off, respectively.  
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Fig. 6.11 The averaged globe temperature measured during defrosting and heating 

resumption  

 

The variation patterns of the averaged globe temperature shown measured in the 
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three modes in Fig. 6.11 were similar to those of indoor air dry-bulb temperature 

(shown in Fig. 6.9). Generally, the averaged globe temperature was higher than the 

indoor air dry-bulb temperature by a mean value of 1.3 oC in all the three modes. 

 

Mean radiant temperature (MRT) in the heated indoor space was evaluated based on 

the known averaged indoor air velocity, indoor air dry-bulb temperature and the 

averaged globe temperature. Fig. 6.12 presents the variations of the evaluated MRT 

in the heated indoor space in the three modes. Since MRT was determined based on 

largely the averaged globe temperature, its variation pattern was similar to that of the 

averaged globe temperature. Similarly, MRT was greater than indoor air dry-bulb 

temperature in the three modes. 
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Fig. 6.12 The evaluated MRT during defrosting and heating resumption  
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6.3.5 Thermal comfort evaluation 

 

With the availability of all measured and calculated parameters, the two thermal 

comfort indexes, PMV and PPD in the three modes, were evaluated using Equations 

(6.1) to (6.18). The evaluation results are shown in Fig. 6.13 for PMV and Fig. 6.14 

for PPD, respectively.  

 

As seen from Fig. 6.13, there were about 16 minutes in Mode A, 46 minutes in Mode 

B and 24 minutes in Mode C when PMVs were within the comfort range of 

-0.5<PMV<+0.5, respectively. The evaluated PMV values in three operating modes 

were higher than 0.5 within the first 5 minutes into defrosting operation because the 

indoor air fan was switched off, thus the indoor air velocity was low, but the indoor 

air temperature just started to decrease. On the other hand, there were about 39 

minutes in Mode A, 9 minutes in Mode B and 32 minutes in Mode C when PMVs 

were <-0.5, respectively. This reflected that there were ~ 39 minutes in Mode A, 9 

minutes in Mode B and 32 minutes in Mode C, respectively, when occupants would 

feel cold during and after a defrosting process. Therefore, the time duration when 

occupants would feel cold in Mode B was much shorter than that in Mode A, only at 

23.1%, and that in Mode C was also shorter than that in Mode A, but at 82.1%. This 

was because when the novel TES-based reverse cycle defrosting method was used 

(Mode B and Mode C), the defrosting process was shorter and the supply air 

temperature was higher, than those in Mode A, or when the standard reverse cycle 
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defrosting method was used.  
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Fig. 6.13 The calculated PMV values during defrosting and heating resumption  

 

Furthermore, in the three operating modes, for the time periods when their PMV 

values were also within ± 0.5, their corresponding PPD values were calculated using 

Equation (6.18) and are shown in Fig. 6.14. As expected, these PPD values were not 

greater than 10%. As seen from Fig. 6.14, there were about 16 minutes in Mode A, 

46 minutes in Mode B and 24 minutes in Mode C when the calculated PPD values 

were not greater than 10%, respectively. The highest PPD value in Mode A was 80% 

but only 32.9% in Mode B and 74.7% in Mode C, respectively. 

 

The calculated results of PMV and PPD, as shown in Figs. 6.13 and 6.14, were 

evaluated based on the experimentally measured indoor thermal parameters, such as 
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indoor air dry-bulb temperature, RH, velocity and MRT. As seen from Figs. 6.13 and 

6.14, there were sharp increases in the values of both PMV value and PPD at 0 min. 

This was because the indoor air fan was switched off when defrosting was initiated, 

so that indoor air velocity changed from 0.37 m/s to 0.04 m/s at 0 min, leading to the 

sharp increases. However, for occupants, they may not feel such sudden changes of 

the indoor thermal environment due to human adaptation. 
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Fig. 6.14 The calculated PPD values during defrosting and heating resumption  

 

 

6.4 Conclusions  

 

To address the fundamental problem of insufficient heat available when using the 

standard reverse cycle defrosting method, the novel TES-based reverse cycle 
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defrosting method for ASHPs has been developed. After reporting the refrigerant 

side operating performances of the experiment ASHP unit in Chapter 5, this Chapter 

presents the experimental results on both the performances of the airside of the 

experimental ASHP unit and indoor thermal comfort characteristics when using the 

TES-based reverse cycle defrosting method. Indoor thermal parameters necessary for 

thermal comfort evaluation were measured and the indoor thermal comfort indexes 

evaluated based on Fanger’s thermal comfort model. The experimental results of the 

airside performance of the ASHP unit and the evaluated indoor thermal comfort 

indexes (PMV and PPD) clearly suggested that the use of the novel TES-based 

reverse cycle defrosting method would lead to a shorter defrosting duration, a higher 

indoor air temperature and consequently, occupants’ indoor thermal comfort can be 

significantly improved during reverse cycle defrosting. 

 

On the other hand, based on the observed airside performances, it is recommended 

that the parallel TES-based heating can be used at part load condition, and the serial 

TES-based heating process at full load condition. Alternatively, an oversized heat 

pump should be employed when using the parallel TES-based heating at full load 

condition. 
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Chapter 7                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

Experimental Study of the Reverse Cycle Defrosting Performance 

on a Multi-circuit Outdoor Coil Unit in an ASHP 

 

7.1 Introduction 

 

As mentioned in Chapter 2, during defrosting, while most of the melted frost drains 

off from outdoor coil surface, a finned coil surface may however retain residual 

water which must be removed to prevent it from becoming ice when the ASHP 

returns to heating mode. Therefore a complete defrosting process covers both 

melting frost and drying coil surface. Furthermore, for outdoor coils, on its 

refrigerant side, multiple parallel circuits are commonly used for minimized 

refrigerant pressure loss and enhanced heat transfer efficiency. On its airside, 

however, there is usually no segmentation corresponding to the number of refrigerant 

circuit. Currently, terminating a defrosting operation based on surface temperature of 

outdoor coil is the most popular method. For an outdoor coil having multiple parallel 

refrigerant circuits, normally a temperature sensor is attached to the external surface 

of the liquid-line of its lowest circuit. The measured temperature is compared to a set 

point at which it is believed that an outdoor coil is free of retained water or all 

melted frost is drained away or vaporized. However, different set points have been 

reported, ranging from 12 ºC to 26.7 ºC [Stoecker et al. 1983, O’Neal 1989, Payne 
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and O’Neal 1995, Ding et al. 2004, Huang et al. 2004]. 

 

Although previous experimental and modeling studies on understanding the 

operating performance during a reverse cycle defrosting of a multi-circuit outdoor 

coil in ASHPs have been conducted and reported, the research work on accounting 

the effect of downwards flowing of the melted frost due to gravity along the surface 

of a multi-circuit outdoor coil on defrosting performance cannot be identified. 

Notably, O’Neal et al. [1989] experimentally investigated the transient defrosting 

performance of an ASHP unit having four-parallel refrigerant circuits. Noticeable 

differences in the surface temperatures at the exit of the four circuits were reported. 

The rates of increase in the surface temperatures at the exits of the up circuit(s) were 

much quicker than that of the down circuit(s). Termination of defrost was triggered 

when the surface temperature at the exit of the lowest circuit reached 18.3 ºC (65 ºF). 

However at the same time, the surface temperature at the exit of the top circuit 

already reached about 37.7 ºC (100 ºF). Similar results can also be seen in the 

experimental study on an outdoor coil having six rows and fourteen circuits during 

hot gas by-pass defrosting carried out by Stoecker et al. [1983]. Furthermore, in the 

study reported by Wang et al. [2008], it was shown that at six minutes into defrosting, 

the surfaces of down refrigerant circuit(s) in a multi-circuit outdoor coil were still 

covered by frost while that of up circuits were already free of frost.  

 

Therefore, a study of the defrosting performance on the four-circuit outdoor coil in 
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the experimental ASHP unit, as part of the experimental setup reported in Chapter 4, 

with a particular focus on studying the impact of allowing melted frost to flow down 

freely along the coil surface on defrosting performance, has been carried out, using 

both experimental and modeling analysis approaches. This Chapter reports on the 

experimental part of the study and the modeling part will be reported in Chapter 8. In 

this Chapter, firstly the experimental procedures/conditions are described. Secondly, 

the experimental results are reported. This is followed by the discussion on the 

effects of downwards flowing of the melted frost due to gravity along a multi-circuit 

outdoor coil surface in an ASHP unit on defrosting performance. Finally, the 

evaluation of the defrosting efficiency for the experimental ASHP unit is provided. 

 

 

7.2 Experimental procedures and conditions 

 

Before defrosting, the experimental ASHP unit was operated in the heating (frosting) 

mode for 2 hours, at a frosting outdoor ambient of 0.5 ± 0.1 ºC (dry-bulb) and 90% ± 

3% relative humidity, which was jointly maintained by the use of both experimental 

ASHP unit and the LGUs placed in the outdoor space. Before defrosting was started, 

compressor was firstly switched off. One minute after the shutdown of compressor, the 

four way valve was switched to defrosting mode. Four seconds later, the compressor 

was powered on again, and a defrosting operation was started. Defrosting operation 

was manually terminated when the tube surface temperature of the lowest refrigerant 
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circuit in the outdoor coil reached 24 ºC [Payne and O’Neal 1995, Ding et al. 2004, 

Huang et al. 2004]. Both the indoor air fan and the outdoor air fan during defrosting 

operation were turned off.  

 

During frosting operation, air temperature inside the heated indoor space was 

maintained at 20 ºC, which was jointly maintained by the use of both experimental 

ASHP unit and the existing air conditioning system of the environmental chamber. 

The experimental conditions are summarized in Table 7.1.    

 

Table 7.1 Experimental conditions 

Parameters Values 

Heated indoor space  

Temperature (ºC) 20  

Frosting outdoor space  

Temperature (ºC) 0.5 ± 0.1 

RH (%) 90 ± 3 

Face velocity of outdoor coil (m/s) 1.8 * 

Heating (frosting) operation time (h) 2 

*: at the beginning of a heating (frosting) operation. It would become lower as the 

operation progressed. 
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7.3 Experimental results 

 

Eight photographs illustrating the frost melting process on the airside of the 

four-circuit outdoor coil are shown in Fig. 7.1. These photographs show the airside 

conditions of the outdoor coil up to 7.5 minutes into the defrosting operation when 

there was no solid frost left on the coil surface. It further took 2.5 minutes for the 

tube surface temperature of the lowest refrigerant circuit in the outdoor coil to reach 

24 ºC when defrosting was ended. The entire defrosting duration was 600 s (10 

minutes). As seen from the photographs, frost melting on the coil surface of the up 

refrigerant circuit(s) was quicker than that on the coil surface of down refrigerant 

circuit(s). For example, in Fig. 7.1 d), the airside condition of the outdoor coil at 3 

minutes into the reverse cycle defrosting operation is depictured. It can be seen that 

while the airside of the highest circuit was already free of frost, there was still quite 

an amount of frost on the airside of the down circuit(s) waiting to be melted. Fig. 7.1 

f) shows the airside condition 5 minutes into defrosting when only the airside of the 

lowest circuit was still covered with frost. As observed from these photos, the 

defrosting operation on the airside of the four refrigerant circuits did not end at the 

same time, although their starting time points were all the same. 
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a) 0 minute (start of the defrosting)  b) 1 minute into defrosting operation  

  
c) 2 minutes into defrosting operation  d) 3 minutes into defrosting operation 

  
e) 4 minutes into defrosting operation f) 5 minutes into defrosting operation  



 133 

  
g) 6 minutes into defrosting operation h) 7.5 minutes into defrosting operation  

Fig. 7.1 Airside conditions of the outdoor coil during frosting (8 photographs) 

 

The measured operating performances of the experimental ASHP unit during 

defrosting are presented in Figs. 7.2 to 7.5. In all these figures, for their time 

(horizontal) axis, 0 second is the actual starting time for defrosting operation.  

 

Fig. 7.2 presents the measured tube surface temperatures at the exits (Te in Fig. 4.2) 

of the four refrigerant circuits. It was noted that the variation trends of these 

temperatures were similar to those reported by O’Neal et al. [1989]. Given their 

locations, these temperatures could indirectly reflect the characteristics of the frost 

melting taking place on the airside of each circuit. It can be seen from the diagram 

that the measured temperatures at the top three circuits began to increase sharply at ~ 

60 s, 100 s, and 250 s into defrosting, respectively. These may be considered as the 

time points when frost melting process (latent heat transfer) diminished. These clear 

time lags of sharp temperature rise directly reflected the different airside defrosting 
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performances as observed from photographs in Fig. 7.1. For the measured tube 

surface temperature at the exit of the lowest circuit, no sharp increase was observed 

until ~ 500 s into defrosting, suggesting its thermal load imposed was significantly 

higher. The exit temperature of the lowest circuit reached 24 ºC finally when the 

defrosting operation was terminated, but at that instance, the tube surface 

temperatures at the exits of the top and the second top circuit already reached ~ 42 

ºC. Hence, termination of the defrosting operation for the entire coil was directly 

influenced by the defrosting performance on the airside of the lowest circuit. 
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Fig. 7.2 Measured tube surface temperatures at the exits of the four refrigerant 

circuits during defrosting operation 

 

Fig. 7.3 shows the measured variation profiles of compressor discharge pressure and 

suction pressure during defrosting operation. Both were relatively stable at ~ 16 bar 

Circuit 1 

Circuit 2 

Circuit 3 

Circuit 4 
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(discharge) and 4 bar (suction), respectively. In addition, the measured total 

refrigerant flow rate during the entire defrost operation is presented in Fig. 7.4. As 

seen, the refrigerant flow rate increased to its maximum value of 0.030 kg/s at ~ 305 

s into defrosting, and then it stabilized at about 0.024 kg/s. 
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Fig. 7.3 Measured compressor discharge pressure and suction pressure during 

defrosting operation 
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Fig. 7.4 Measured refrigerant flow rate during defrosting operation 

 

Furthermore, melted frost flowing downwards by gravity from high level along the 

coil surfaces of lower circuit(s) was finally collected in the water collecting pan. Fig. 

7.5 shows the measured temperature variation profile of the melted frost collected in 

the pan during defrosting. As seen, water temperature increased steadily from ~ 120 

s into defrosting operation and reached its maximum of 26 ºC at 340 s. Thereafter, 

water temperature gradually dropped. At the end of defrosting operation, water 

temperature at the collecting pan was at about 17 ºC. Therefore, there existed a peak 

of the measure temperature of the melted frost, occurring at ~ 340 s. There can be 

two possible reasons for this. Firstly, as seen in Fig. 7.4, the measured refrigerant 

flow rate began to decrease at ~ 305 s, hence the heat provided to the melted frost 

was also reduced, causing a decrease in the temperature of the melted frost collected 

in the pan. Secondly, after all the frost on the coil surface was melted, no more 
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melted frost would flow into the collecting pan. Therefore, the temperature of the 

melted frost, which was warmer than ambient air, would drop as it lost heat to 

ambient air and water vaporization.  
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Fig. 7.5 Measured temperature variation profile of melted frost in the water 

collecting pan during defrosting operation 

 

 

7.4 Effects of downwards flowing of melted frost along coil surface on defrosting 

performance 

 

As understood, a number of factors, such as the total mass and structure of frost 

formed on outdoor coil surface, the ambient air temperature/humidity, etc., may 

affect defrosting performance of an ASHP unit. However, although the defrosting 
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performance on the airside of an outdoor unit having multiple refrigerant circuits 

may be influenced by these factors, the downwards flowing melted frost, or water, 

due to gravity, along coil surface would certainly have a role to play during 

defrosting, leading to two problems as observed in the experimental work reported in 

this Chapter.   

 

Firstly, the melted frost was at a temperature significantly lower than that of the 

outdoor coil surface. Allowing it to travel longer on coil surface than necessary 

resulted in some heat taken away by the melted frost, causing energy waste by 

unnecessarily heating up the melted frost. As a result, the temperature of melted frost 

in the water collecting pan increased with time, as illustrated in Fig. 7.5. 

 

Secondly, on the airside of lower level circuits in a multi-circuit outdoor coil, there 

were not only the frost formed there, but also the melted frost flowing downwards 

from the upper level circuits, leading to a greater thermal load there. This was 

believed to be an important reason why it took a longer time for the surface 

temperature at the exit of the bottom circuit to reach the termination temperature, as 

suggested by Fig. 7.2. A delayed ending time certainly increased the total amount of 

heat provided to the outdoor coil, reducing the defrosting efficiency accordingly.  

 

To practically solve the above two problems observed, i.e., taking heat away from 

the outdoor coil by the downwards flowing of the melted frost and a prolonged 
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defrosting duration, a water collecting pan on the airside directly under each of the 

circuits may be added. With this, the melted frost can only freely flow down by 

gravity within the airside surface area of a particular refrigerant circuit itself and will 

not interfere with the operation on the airside of the other circuits, so that the two 

observed problems might practically solved.  

 

 

7.5 Evaluation of defrosting efficiency 

 

Defrosting efficiency was an important parameter for evaluating defrosting operation 

[Kerschbaumer 1971, Stoecker et al. 1983, Krakow et al. 1993b, Jhee et al. 2002, 

Hoffenbecker et al. 2005]. It was defined as a ratio of the actual amount of heat 

required both to melt the accumulated frost and to vaporize the retained water to the 

total amount of heat provided to the outdoor coil during the entire defrosting 

operation.  

 

Defrosting efficiency for the experimental ASHP unit was evaluated by:  

 

 m v
d

j

Q Q
Q

η +
=

∑  (7.1) 

 

where Qm and Qv are the heat needed to melt the frost and to vaporize the retained 
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water, respectively, as evaluated by Eqs. (7.2) and (7.3): 

 

 

 

where Mf and Mv are the total mass of frost formed on the outdoor coil and the mass 

of vaporized melted frost, respectively. Lsf and Lv are latent heat of melting and latent 

heat of evaporation of water, respectively. 

 

In this study, the total mass of frost formed on the outdoor coil calculated by using 

Equations (4.1) to (4.4), Mf, and the melted frost collected in the collecting pan at the 

end of defrosting operation were 1.34 kg and 1.22 kg, respectively. The difference 

between the two, 0.12 kg, was taken as the mass of vaporized melted frost, Mv.  

 

To estimate the total amount of heat provided to the outdoor coil during the entire 

defrosting operation, jQ∑ , the refrigerant flow rate to each circuit was assumed to 

be the same. Then the heat supplied to each circuit, Qj, can be evaluated by: 

 

 
0

dt

j jQ q dt
 

 
= ∫    (j=1-4)                 (7.4) 

 

 , ( )j r j i eq m h h= −   (j=1-4)               (7.5) 

 m f sfQ M L=  (7.2) 

 v v vQ M L=  (7.3) 
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where j=1 refers to the top circuit, j=2 the 2nd top circuit, j=3 the 3rd top circuit and 

j=4 the bottom circuit, respectively. td is the duration of defrosting operation, and 

was 600 s in the current study. 

 

Using Equations (7.1) to (7.5), the defrosting efficiency was evaluated at 34.5%, 

which was smaller than the defrosting efficiency range of 40.4% and 58% obtained 

in a previous simulation study for a single circuit outdoor coil [Krakow et al. 1993b]. 

This was considered reasonable as in a multi-circuit outdoor coil, allowing melted 

frost to freely flow downwards would lead to a prolonged defrost operation, thus a 

lower defrosting efficiency was expected. Furthermore, there can be other factors 

influencing the defrosting efficiency, including, for example, ambient air dry-bulb 

temperature and RH, duration for heating (frosting) operation, etc, all of which 

would affect the amount and the density of frost formed on the coil surface. In 

addition, the distribution of the frost formation on the outdoor coil during frosting 

and the distribution of refrigerant flow during defrosting would also affect on the 

defrosting efficiency. 

 

In order to quantitatively analyze the effects of downwards flowing of melted frost 

along a multi-circuit outdoor coil surface of an ASHP unit on its defrosting 

performance, a modeling analysis has been carried out, to be reported the in Chapter 

8.  
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7.6 Conclusions 

 

This Chapter reports on the experimental part of a study of reverse cycle defrosting 

performance on a four-circuit outdoor coil in a 6.5 kW heating capacity experimental 

ASHP unit. It was observed that defrosting was quicker on the airside of upper 

circuits than that on the lower circuits. The effects of downwards flowing of the 

melted frost along a multi-circuit outdoor coil surface were discussed, and finally, 

the defrosting efficiency was evaluated at 34.5%. On the other hand, the modeling 

part of the study is to be reported in next Chapter. 
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Chapter 8 

Modeling Analysis of the Reverse Cycle Defrosting Performance on 

a Multi-circuit Outdoor Coil Unit in an ASHP 

 

8.1 Introduction 

 

A study on the impact of allowing melted frost to flow down freely along the 

multi-circuit coil surface on defrosting performance has been carried out, using both 

experimental and modeling analysis approaches. The experimental part of the study 

on the defrosting performance on a four-circuit outdoor coil surface in the 

experimental ASHP unit is reported in Chapter 7. This Chapter presents the modeling 

part. 

 

As mentioned in Chapter 2, although defrosting models were previously developed 

and used in studying defrosting performance, none of them in fact considered the 

effects of downwards flowing of the melted frost due to gravity along an outdoor 

coil surface on the defrosting performance, by either assuming a stable water layer or 

the absence of water retention on coil surface [Krakow et al. 1992a, 1992b, 1993a, 

1993b, Liu et al. 2003, Sherif and Hertz 1998, Al-Mutawa and Sherif 1998a, 1998b, 

Alebrahim and Sherif 2002, Hoffenbecker et al. 2005, Dopazo et al. 2010]. However, 

the experimental study on a nominal 3-ton residential ASHP unit reported by Payne 

and O’Neal [1995] suggested that after ~ 1 hour frosting at 1.7 ºC dry-bulb 
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temperature and 80% relative humidity, and ~ 7 min defrosting, over 1.6 liter of 

melted frost was collected. This amount of water flowing downwards due to gravity 

on the entire outdoor coil would affect defrosting as additional thermal resistance 

was introduced [Cheng and Seki 1991]. On the other hand, the experimental results 

and their related discussion presented in Chapter 7 also clearly suggested that 

downwards flowing of the melted frost along the surface of a multi-circuit outdoor 

coil of an ASHP unit would have negative effects on defrosting performance, in 

terms of both taking heat away from the outdoor coil and prolonging a defrost 

operation. 

 

In this Chapter, firstly, a semi-empirical defrosting model for the four-circuit outdoor 

coil of the experimental ASHP unit, the first of its kind, which was developed based 

on both the fundamentals of mass and energy conservation and using the 

experimental data reported in Chapter 7, is presented. Secondly, the model was 

validated by comparing the predicted defrosting duration and the temperature 

variation of the collected melted frost with the corresponding experimental results 

reported in Chapter 7. Finally, using the validated model, the negative effects of 

downwards flowing of the melted frost along the surface of a multi-circuit outdoor 

coil on defrosting performance were quantitatively analyzed and are reported.  
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8.2 Development of the semi-empirical mathematical model 

 

In this study, a defrosting process on the airside of an outdoor coil was subdivided 

into three stages: frost melting without water flow, frost melting with water flow and 

water layer vaporizing. A defrosting process began with frost melting without water 

flow. In this stage, all the melted frost could be held on finned coil surface due to 

surface tension until the mass of the melted frost held reached its maximum [Krakow 

et al. 1992b, Hu 2010]. Then the second stage started. Along with the frost melting, 

the melted frost flowed downwards by gravity. When coil surface was free of frost, 

the second stage ended and the water layer vaporizing stage began. The retained 

water was vaporized into ambient air until the coil surface became dry, when the 

third stage as well as the entire defrosting process ended. 

 

When developing the semi-empirical model, the entire airside of the four-circuit 

outdoor coil surface was divided into four control volumes, respectively, as shown in 

Fig. 8.1. For each control volume, the lumped parameter modeling approach was 

applied. In addition, the water collecting pan placed under the bottom circuit to 

collect the melted frost flowing down from the outdoor coil surface was also 

modeled as part of the semi-empirical model. When modeling the collecting pan, 

three stages were also assumed during defrost. In the first stage, the melted frost or 

water flowing down from the airside of the bottom (or the fourth) circuit would stay 

on the pan surface due to surface tension until the arrival of the maximum that could 



 146 

be held by the pan, when the second stage started. In the second stage, the amount of 

melted frost flowing out from the collecting pan was equal to that flowing into the 

pan, i.e., the flow of collected melted frost in the pan was in a dynamic equilibrium. 

Finally in the third stage, after the frost melting process, no melted frost fell into the 

collecting pan. The temperature of the melted frost was measured by a thermal 

couple placed near the drainage outlet, as shown in Fig. 8.1. 
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Fig. 8.1 Conceptual model for the airside of the four-circuit outdoor unit during 

reverse cycle defrosting   
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8.2.1 Assumptions and calculation conditions 

 

The model was developed based on fundamentals of mass and energy conservation, 

heat and mass transfer within each of control volumes at each stage of the defrosting 

process, and using also experimental data reported in Chapter 7.  

 

When establishing the model, the following were assumed:  

 

i) During the second stage, the retained water in each control volume was in a 

dynamic equilibrium, i.e., the difference between the mass of water entering and 

that leaving a control volume was equal to the rate of frost melting within the 

control volume.  

ii) The heat conductivities of the tubes and fins were much higher than those of 

frost and melted frost, and hence their heat resistances were neglected. 

iii) The mass flow rate of refrigerant was evenly distributed into the four refrigerant 

circuits during defrosting, and the frost was assumed to be uniformly 

accumulated over the coil surface before starting defrosting. 

iv) Heat exchanges between refrigerant and frost/ambient air in the superheated 

region and the sub-cooling region in the outdoor coil were very small, and 

therefore neglected during defrosting. The entire outdoor coil was regarded as 

having a two-phase region only. 
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v) During defrosting, the melted frost infiltrated into frost’s porous structure. The 

contact area between the melted frost and frost would increase as water flowing 

downwards, suggesting that the flow resistance increased downwards along the 

outdoor coil. Therefore, the velocity of water layer in each control volume 

should decrease from top to bottom circuit. 

vi) The movement of the water layer was considered to be a flowing boundary. 

Because the velocity of the water flow was very small as observed during 

experiments, water layer flowed in laminar regime. 

vii) In the process of melted frost falling into the pan, the heat dissipated from the 

melted frost to the ambient air was negligible because the falling distance was 

small. 

 

Furthermore, the following experimental data reported in Chapter 7 were also used 

in assisting the model development: 

 

a) The total mass of the frost experimentally obtained was at 1.34 kg, thus 

following Assumption iii), the mass of frost formed on the surface of each 

circuit, Mf,j (j=1-4), was 0.335 kg (1.34/4 kg). 

b) The mass of vaporized melted frost experimentally obtained was at 0.12 kg, so 

that the maximum surface water on each circuit, Mw,max, was 0.03 kg (0.12/4 kg).  

c) At 90 s into defrosting, the melted frost on the water collecting pan reached its 

maximum that could be held. 
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d) The experimentally obtained refrigerant flow rate, inlet and exit temperature of 

the outdoor coil, and the compressor discharge pressure during the defrosting 

process, as shown in Figs. 7.2 to 7.4 in Chapter 7, were used as the inputs to the 

model developed. 

  

 

8.2.2 Model development 

 

8.2.2.1 Outdoor coil 

 

Using assumptions and experimental data as detailed in Section 8.2.1, the 

semi-empirical model was developed as follows.  

 

The applications of the mass and energy conservation, for control volume j, in each 

stage shown in Fig. 8.2, are given by Equations (8.1) to (8.14). 
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a) first stage 

 

, 1 , 1p w j w jc m T− −  

 

, ,p w j w jc m T  

b) second stage 

 

  

 

c) third stage 

Fig. 8.2 Schematics of the airside heat transfer among fin, water layer and frost in 

each of the four control volumes during the three stages 

 

 

jq  

fin water 
layer 

frost 

fin frost 

jq  

 

water 
layer 

fin water 
layer 

jq  

,sf f jL m  

,sf f jL m  

, ,( )n w w j a w ah T T A −−  

, ,( )n w w j a w ah T T A −−  

, ,( )n dr r j a dr ah T T A −−  

,v j vm L  

,w jT  

,w jT  

,w jT  



 151 

First stage: frost melting without water flow 

 

At this stage, as shown in Fig. 8.2 a), energy and mass conservation in control 

volume j yielded: 

 

 , , ,( )j sf f j p w j w jq t L m t c M T∆ = ∆ + ∆    (8.1) 

 

As ∆t→0, Eq. (8.1) can be written as follows: 

 

 , ,
,

( )w j w j
j sf f j p

d M T
q L m c

dt
= +    (8.2) 

 

where Mw,j

 

 is accumulated mass of retained melted frost in the control volume, j: 

 

, ,0

t

w j f jM m dt
 

 
= ∫  (8.3) 

 

Meanwhile, the heat transfer in control volume j could be expressed as: 

 

 , ,r j ICW j
j

r

T T
q

R
−

=  (8.4) 

 

where TICW is the temperature at the interface between the coil surface and the water 

layer.  
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On the other hand, qj was evaluated by: 

 

 , , ,( )j r j r i r eq m h h= −  (8.5) 

 

where ,r jm  is refrigerant mass flow rate in control volume j. Enthalpies of 

refrigerant at both inlet and exit of the outdoor coil, hr,i and hr,e, were evaluated from 

the measured inlet and outlet temperatures and the measured compressor discharge 

pressure. 

 

Second stage: frost melting with water flow 

 

As shown in Fig. 8.2 b), energy conservation in control volume j, taking into account 

the convective heat transfer between the water layer and the ambient air, required: 

  

 

,
, 1 , 1 , ,

w j
j p w j w j sf f j p w max

dT
q c m T L m c M

dt− −+ = +  

, , , ,( )p w j w j n w w j a f ac m T h T T A −+ + −  

(8.6) 

 

where Mw,max is the maximum mass of surface water on each refrigerant circuit, and 

, ,( )n w w j a f ah T T A −−  is the heat transferred to the ambient air from effective airside 

surface area covered by only the melted frost in control volume j. 

 

Mass conservation in control volume j was: 
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 , , , 1w j f j w jm m m −= +      (8.7) 

 

On the other hand, the heat transferred from the water layer to frost layer for melting 

the frost and to the ambient air was: 

 

 

Third stage: water layer vaporizing 

 

In the third stage, the surface of outdoor coil was free of frost, and vaporization of 

retained water took place. As illustrated in Fig. 8.2 c), energy and mass conservation 

in control volume j yielded: 

 

 

, ,
, ,

( )
( )w j w j

j p n w w j a w a

d M T
q c h T T A

dt −= + −  

, , ,( )n dr r j a dr a v j vh T T A m L−+ − +  

(8.9) 

 

where , ,( )n w w j a w ah T T A −−  is the heat transferred to the ambient air from the water 

layer in control volume j, and the , ,( )n dr r j a dr ah T T A −−  the heat transferred to the 

ambient air from the dry coil surface in control volume j. 

 

 , , ,0

t

w j w max v jM M m dt
 

 
= − ∫  (8.10) 

 , , , ,( ) ( )w w j tp o sf f j n w w j a f ah T T A L m h T T A −− = + −    (8.8) 
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where ,v jm  is the vaporization rate of surface water and was proportional to the 

difference in vapor pressure between the exposed water surface and the ambient air 

as described by Mills [1995] , expressed as: 

 

 , ,( )v j D w a vs j vam h A ρ ρ−= −  (8.11) 

 

where Aw-a is the effective wetted airside surface area of the refrigerant circuit in the 

third stage. As the vaporizing process continued, the area was diminishing. The 

relationship between the effective wetted airside surface area and the equivalent 

airside surface area of the refrigerant circuit was [Krakow et al. 1992b, Hu 2010]: 

 

 , 1.5

,

( )w j
w a o

w max

M
A A

M− =  (8.12) 

 

Effective airside surface area covered by only the melted frost of a refrigerant circuit 

in the second stage, Af-a, was similarly evaluated: 

 

 , 1.50

,

( )

t

f j
f a o

f j

m dt
A A

M

 

 
− = ∫

 (8.13) 

 

Then, the effective dry airside surface area of the refrigerant circuit in the third stage, 

Adr-a, was: 
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 dr a o w aA A A− −= −  (8.14) 

 

The heat transfer resistance on the refrigerant side, Rr , was determined by: 

 

 
1

r
tp i

R
h A

=  (8.15) 

 

where Ai is the internal surface area of the refrigerant tube in a four-circuit outdoor 

coil. htp is the heat transfer coefficient on the refrigerant side in the two-phase region, 

determined by [Shah 1979]: 

 

 

where hL is the refrigerant side heat transfer coefficient assuming that all refrigerant 

is liquid, evaluated using the Dittus-Boelter Equation [Kays and London 1984]: 

 

 0.8 0.40.023Re Pr /L r rh Dλ=    (8.17) 

 

and pr is the reduced pressure, determined by [Shah 1979]: 
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where Psat is the saturated discharge pressure of refrigerant and Pc is critical pressure 

for R22, equals to 4.99MPa. 

 

The coefficient of convective heat transfer caused by water flow adopted that for 

local laminar forced convective heat transfer [Liu et al. 2003]: 

 

 

The average coefficient of convective heat transfer caused by water flow inside a 

control volume was evaluated by:  

   

 
( 1)

,

j H

w w xjH
h h dx H

+
= ∫      (8.20) 

 

To obtain the coefficient of convective heat transfer caused by water flow, based on 

Assumption v) and the experimental observation, the velocity of water layer in each 

control volume would decrease from top to bottom circuit, and could be estimated 

by: 
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where td,1 is defrosting duration in Circuit 1. The exact numerical values used in 
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Equation (8.21) were chosen based on experimental data obtained, for example, a 

value of 150 s was used for td,1. 

 

During the entire defrosting process, the outdoor air fan was switched off and the 

heat transfer from the outdoor coil to the ambient air was dominated by natural 

convection. The Nusselt Number of natural convection and the corresponding 

coefficient of natural convective heat transfer coefficient were used [Jaluria 1980]: 

 

 

where  

 

 3
2

( )w ag T TGr Hβ
ν

−
=      (8.23) 

 

The coefficient of convective mass transfer, hD, was related to the coefficient of 

natural convective heat transfer, hn, by the Lewis Analogy [Threlkeld 1970, Padki et 

al. 1989]: 
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where Le is the Lewis number for air and water vapor mixtures and a fixed value of 
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0.845 was adopted in this study [ASHRAE 2009].  

 

 

8.2.2.2 Water collecting pan 

 

 

 

a) first stage 

 

 

 

 

b) second stage 

 

 

 

c) third stage 

Fig. 8.3 Schematics of the heat transfer in the water collecting pan during the three 

stages 
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Fig. 8.3 shows the schematics of the heat transfer in the collecting pan. Eq. (8.25) is 

for the energy conservation of the collected melted frost in the first stage: 

 

 ,4 ,4

( )
( )pw pw

p w w p n pw pw a

d M T
c m T c h A T T

dt
= + −  (8.25) 

 

where Mpw is the accumulated mass of the retained melted frost in the water 

collecting pan, which can be evaluated using Eq. (8.3). 

 

In the second stage, energy conservation yielded: 

 

 ,4 ,4 , ,4( )pw
p w w p pw max n pw pw a p w pw

dT
c m T c M h A T T c m T

dt
= + − +  (8.26) 

 

where Mpw,max is the maximum mass of the retained water in the water collecting pan.  

 

In the third stage, energy conservation of the collected melted frost required: 

 

 ,

( )
+ ( )pw pw

p v pw v n pw pw a

d M T
c m L h A T T

dt
= −  (8.27) 

 

where Mpw can be evaluated using Eq. (8.10).  
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Eqs. (8.25) to (8.27) are the governing equations for predicting melted frost 

temperature in the collecting pan. 

 

 

8.2.3 Calculation method 

 

Euler’s method [Gerald and Wheatley 2003] was applied to solving all the 

differential equations (8.2), (8.6), (8.9) and (8.25) to (8.27), with a time step of 5 s. 

The mass flow rate and temperature of melted frost leaving a control volume were 

regarded as those of the melted frost entering the adjacent lower control volume. 

Similarly, the thermal properties of the melted frost leaving the bottom control 

volume (i.e., j=4) were regarded as those of melted frost entering the water 

collecting pan.  

 

 

8.3 Results and discussions 

 

8.3.1 Model validation 

 

The model presented in Section 8.2 was validated by comparing the predicted 

defrosting duration and the temperature variation of collected melted frost with 

corresponding experimental data reported in Chapter 7. The experimental defrosting 
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duration, as reported in Chapter 7, was 600 s. Using the model developed, at 600 s 

into defrosting operation, 96.2% of the water retained on the surface of the entire 

outdoor coil was vaporized.  
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Fig. 8.4 Experimental and predicted temperatures of the melted frost in the water 

collecting pan 

 

Furthermore, Fig. 8.4 shows the experimental and predicted melted frost 

temperatures in the water collecting pan. As seen, the predicted temperature of the 

melted frost in the collecting pan began to increase at 90 s into defrosting. At 360 s 

into defrosting, melting on the bottom circuit ended, and no melted frost flowed 

down to the water collecting pan thereafter. Then the melted frost temperature in the 

collecting pan began to decrease due to both the heat transfer from the melted frost 

to ambient air and water vaporization. As seen in Fig. 8.4, the predicted temperature 



 162 

of the melted frost using the model developed agreed reasonably well with the 

experimental data.  

 

 

8.3.2 Modeling analysis of the negative effects of downwards flowing melted frost  

 

The validated semi-empirical model was used to analytically study the negative 

effects of downwards flowing of the melted frost along the experimental four-circuit 

outdoor coil surface on defrosting performance. 

 

Figs. 8.5 and 8.6 show the predicted mass flow rate and temperature of melted frost 

flowing over the surface of each of the four circuits. As shown in Fig. 8.5, the mass 

flow rates of melted frost increased from the Circuit 1 to Circuit 4. This was because 

the downwards flowing melted frost along the surface of a circuit should be the 

summary of the melted frost flowing in from the circuit above and the melted frost 

generated inside this circuit. 

 

As shown in Fig. 8.6, the temperature of melted frost on the surface of each of the 

four circuits increased with the defrosting time. When the melted frost began to flow 

downwards at 55 s, the melted frost temperature on each circuit was all at ~ 17 oC. 

Afterwards, the temperature of melted frost on each of the four circuits decreased for  
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Fig. 8.5 Predicted mass of melted frost flowing over the surface of each of the four 

circuits using the validated model 
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Fig. 8.6 Predicted temperature of melted frost flowing over the surface of each of the 

four circuits using the validated model 
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a while before starting to increase. This may be explained by the fact that heat from 

the downwards flowing melted frost was initially absorbed by the frost, causing the 

decrease in water temperature. As the defrosting process went by, more frost was 

melted, so that less heat was absorbed by frost, and the temperature of melted frost 

would increase. At the respective end of frost melting process in each circuit, the 

temperatures of melted frost on Circuit 1 to Circuit 4 reached 16.6 oC, 23.0 oC, 36.5 

oC and 49.0 oC, respectively.  

 

The predicted frost-melting rate on the surface of each of the four circuits is 

presented in Fig. 8.7. As seen, the frost-melting rates on all four circuits were the 

same up to 55 s into defrosting operation, following the Assumption iii). Thereafter, 

when the melted frost started to move downwards, all frost-melting rates increased 

because frost absorbed heat from not only the outdoor coil itself but also moving 

melted frost. On the other hand, frost-melting rates at circuits of different levels were 

not the same, the higher the level, the higher the melting rate. This was because as 

the melted frost flowed downwards, more melted frost would flow through the 

circuits at lower level, taking more heat away, and leading to a longer defrosting 

duration there. Towards the end of frost melting, frost-melting rate on each of the 

four circuits was respectively reduced, because of the reduced refrigerant mass flow 

rate (shown in Fig. 7.4 in Chapter 7) and the increased heat loss from the exposed 

water layer to ambient air.  
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Fig. 8.7 Predicted frost-melting rate on the surface of each of the four circuits using 

the validated model 

 

Furthermore, using the validated model, the predicted heat used to melt the frost, to 

vaporize the retained water, to heat up the melted frost, and heat loss to the ambient 

air accounted for 20.3%, 14%, 10%, and 55.7% of the total amount of heat provided 

to the outdoor coil, respectively. As discussed in Chapter 7, the downwards flowing 

of the melted frost along the outdoor coil surface not only took away part of the heat 

supposed to be used for defrosting, but also prolonged the defrosting on lower level 

circuits, and thus the entire defrosting operation. Model predictions indicated that the 

frost melting ended at 245 s, 265 s, 290 s, and 360 s, from the top circuit to the 

bottom circuit (Circuit 1 to Circuit 4), respectively. This was consistent with the 

experimental observation that frost melting process on higher level circuits ended 

earlier than that on lower level circuits. 
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Consequently, energy was wasted because while frost-melting was still going on at 

lower circuits, higher level circuit(s) was already free of frost or even retained water, 

and heat loss to ambient air surrounding the higher level circuits took place. 

Therefore, a decrease in defrosting efficiency would be resulted in. If melted frost 

can be drained locally without flowing downwards along the surface of lower level 

circuits, the defrosting duration at all circuits may be leveled. Using the validated 

model, the predicted defrosting efficiency would be 40.8% when melted frost was 

locally drained. Comparing to the defrosting efficiency (34.5%) reported in Chapter 

7, an increase of 18.3% in defrosting efficiency can be achieved.  

 

 

8.4 Conclusions 

 

In order to quantitatively analyze the effects of downwards flowing of the melted 

frost along the multi-parallel circuit outdoor coil surface of the experimental ASHP 

unit on its defrosting performance, a semi-empirical mathematical model, the first of 

its kind, has been developed and is reported in this Chapter. The model was validated 

by comparing the predicted defrosting duration and the temperature variation of the 

collected melted frost with those corresponding experimental results reported in 

Chapter 7.  
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Using the validated model, the effects of downwards flowing of the melted frost of 

along the four-circuit outdoor coil surface on defrosting performance were 

quantitatively analyzed. The analysis showed that frost melting ended at 245 s, 265 s, 

290 s, and 360 s, respectively, from the top circuit to the bottom circuit. This was 

consistent with the experimental observation that frost melting at upper level circuits 

ended earlier than that on lower level circuits.  

 

The model prediction results also suggested that although the energy used to heat the 

melted frost only accounted for about 10% of the total amount of heat provided to 

the outdoor coil during defrosting, downwards flowing of melted frost along outdoor 

coil surface actually prolonged the defrosting process at lower level circuits, thus 

prolonging the entire defrosting operation and reducing the defrosting efficiency. If 

the melted frost may be drained away locally, an increased of 18.3% in defrosting 

efficiency, as compared to allowing it to flow downwards, was predicted.  

 

The uneven defrosting performances, as observed experimentally, have been 

re-confirmed through this modeling analysis, as shown in Figs. 8.5 to 8.7. As long as 

the melted frost was allowed to flow downwards due to gravity along the circuit 

surface, uneven defrosting would take place in any outdoor coils even when the frost 

was uniformly formed on the entire outdoor coil surface and the initial operating 

conditions on the refrigerant side were the same, as reflected by the assumption used 

in model development. The model developed and reported in this Chapter provided a 
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useful tool for studying and understanding the effects of downwards flowing melted 

frost on the defrosting performance of a multi-circuit outdoor coil in an ASHP unit. 
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Chapter 9 

An Experimental Investigation on Reverse Cycle Defrosting 

Performance for an ASHP Unit Using an Electronic Expansion 

Valve  

 

9.1 Introduction 

 

For a heat pump/refrigeration system, an expansion device is a key component for 

refrigerant mass flow control to maintain the refrigerant in a superheated state before 

entering compressor. With a faster response to load variation, a wider range of flow 

rate regulation and a higher control precision, an electronic expansion valve (EEV) 

has a robust adaptability to all refrigerants in use under different operating 

conditions, and therefore can be used to replace other types of expansion devices or 

throttle regulators, such as a TEV or a capillary tube. In fact, the ranges of EEV 

applications have expanded gradually and successfully from small-scale to 

large-scale systems, especially in inverter driven variable speed compressor systems 

and/or multi-evaporator systems [He et al. 1997, Aprea and Mastrullo 2002, Choi 

and Kim 2002, Li et al. 2004, Chen et al. 2005, Chen et al. 2008, Jiang et al. 2011].  

 

As mentioned in Chapter 2, the reported studies on the impacts of using various 

throttle regulators on defrosting performance of ASHPs are available but limited. 

O’Neal et al. [1991] found that increasing the orifice diameter of a short-tube would 
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lead to a shorter defrosting duration. Ding et al. [2004] suggested using a solenoid 

valve to by-pass the TEV in an air-to-water heat pump during defrosting to improve 

defrosting performance, with a smooth resumption of heating operation after the 

termination of defrosting. However, no reported studies on the influence of adopting 

various control strategies for an EEV on the reverse cycle defrosting performance for 

space heating ASHPs may be identified.  

 

This Chapter reports on an experimental investigation on reverse cycle defrosting 

operation for the experimental ASHP unit using an EEV as a refrigerant flow throttle 

regulator. The experimental procedures are firstly presented. This is followed by 

reporting the results of comparative experiments under two control strategies for the 

EEV to study their effects on defrosting performance: the EEV being fully open and 

the EEV being regulated by a degree of refrigerant superheat (DS) controller during 

defrosting. The experimental results revealed that when the EEV was regulated by 

the DS controller during defrosting, a higher defrosting efficiency and less heat 

wastage would be resulted in. 

 

 

9.2 Experimental method and procedure 

 

The details of the experimental ASHP unit are shown in Chapter 4. The EEV used in 

the experimental ASHP unit controlled the refrigerant flow through an evaporator by 
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means of monitoring both refrigerant pressure and temperature at compressor 

suction. The pressure was used to determine the evaporating temperature, and then 

difference between the suction temperature and the evaporating temperature was the 

operating DS. The opening of the EEV was regulated by a 

proportional-integral-derivative (PID) DS controller to maintain a fixed DS during 

the ASHP’s operation.  

 

Before defrosting, the experimental ASHP unit was operated in the heating (frosting) 

mode at a frosting outdoor ambient environment of 0 ± 0.1 ºC (dry-bulb) and 90% ± 

3% relative humidity. During frosting operation, the air temperature inside the 

heated indoor space was maintained at 22 ºC. The experimental conditions are 

summarized in Table 9.1.    

 

Defrost was manually initiated after 2 hours of heating (frosting) operation. The 

compressor in the experimental ASHP unit was firstly switched off, and at the same 

time the EEV was fully open to accelerate balance the system pressure. One minute 

after the shut down of compressor, the four way valve was switched to defrosting 

mode. Four seconds later, the compressor was powered on again and a defrosting 

operation was started. Both the indoor air fan and the outdoor air fan during 

defrosting operation were turned off.  
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Table 9.1 Experimental conditions 

Parameters Values 

Heated indoor space  

Temperature (ºC) 22  

Frosting outdoor space  

Temperature (ºC) 0 ± 0.1 

RH (%) 90 ± 3 

Face velocity of outdoor coil (m/s) 1.8 * 

Heating (frosting) operation time (h) 2 

*: at the beginning of a heating (frosting) operation. It would become lower as the 

operation progressed. 

 

During defrosting operation, the effects of two control strategies for the EEV on 

defrosting performance were experimentally investigated: the EEV being fully open 

(Strategy A), and the EEV being regulated by the DS controller with a DS setting of 

5 ºC (Strategy B). The minimum EEV opening was set at 30% of the full opening to 

avoid a very small refrigerant flow. Defrosting operation was manually terminated 

when the tube surface temperature at the exit of the lowest refrigerant circuit in the 

outdoor coil reached 18 ºC [Payne and O’Neal 1995, Ding et al. 2004, Huang et al. 

2004]. 

 

The following three operating parameters were used to evaluate the defrost 
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performance under the two EEV control strategies: defrosting duration, defrosting 

coefficient of performance (COPd) and defrosting efficiency. Defrosting duration 

was the time period from defrost initiation to defrost termination. COPd, was defined 

as the ratio of the total output heat, jQ∑ , to the electrical energy consumption, 

dW , during a defrosting period, td.  

 

COPd was evaluated by: 

 

 j
d

d

Q
COP

W
∑

=  (9.1) 

 

where Wd and jQ∑ can be evaluated by Eqs. (5.1) and (7.4), respectively.  

 

Finally, defrosting efficiency was evaluated by Eq. (7.1). 

 

 

9.3 Experimental results and discussions 

 

Experiments using the experimental ASHP unit on the defrosting performance under 

the two control strategies for EEV were carried out, and the experimental data were 

collected only after completing two successively frost/defrost cycles to ensure 

measuring stability and accuracy. The measured operating performance parameters 
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during the experiments are presented in this section. The overall system 

performances during a defrosting period under each of the two control strategies are 

summarized in Table 9.2.  

 

Table 9.2 Measured defrosting performance of the experimental ASHP unit under the 

two EEV control strategies  

Performance parameter Strategy A Strategy B Unit 

Defrosting duration period, td 590 575 s 

Total output heat during defrosting, Qd  2628.0 1769.4 kJ 

Energy consumption during defrosting, Wd 604.6 592 kJ 

Calculated mass of accumulated frost, Mf  1.34 1.34 kg 

Collected melted frost 1.22 1.22 kg 

Water vaporized, Mv 0.12 0.12 kg 

COPd 4.35 2.98 – 

Defrosting efficiency, ηd  28.2 42.9 % 

Strategy A: EEV fully open;    Strategy B: EEV regulated by DS controller 

     

The measured defrosting performance parameters are shown in Fig. 9.1 to 9.5. In all 

these figures, for their time (horizontal) axis, 0 second was the actual starting time 

for a defrosting operation. 

 

As seen in Fig. 9.1, the opening of the EEV under control Strategy B decreased 
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gradually from 100% to 30% of its maximum, while it stayed at 100% under 

Strategy A. In Fig. 9.2, the measured refrigerant flow rates under both control 

strategies were almost the same in approximately the first 280 s into defrosting 

operation when the EEV opening was at about 60% of its maximum under Strategy 

B, and the refrigerant flow rate started to drop and reached its minimum of 0.48 

l/min when the opening of the EEV reached its minimum preset value of 30% of its 

maximum.  
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Fig. 9.1 The opening of the EEV during defrosting under the two EEV control 

strategies 
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Fig. 9.2 Measured refrigerant flow rates during defrosting under the two EEV 

control strategies 

 

Fig. 9.3 shows the measured variation profiles of compressor discharge pressure and 

suction pressure during defrosting when the EEV was under the two control 

strategies. During the first half of the defrosting operation, the measured compressor 

discharge pressures were almost identical, fluctuating around 17.5 bar. However, 

during the 2nd half of the defrosting operation, discharge pressures started to increase, 

with that under Strategy B increasing more. On the other hand, the variations of the 

measured compressor suction pressures were almost identical. 
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Fig. 9.3 Measured compressor discharge and suction pressures under the two EEV 

control strategies 
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Fig. 9.4 Measured degree of superheat during defrosting under the two EEV 

control strategies 

 

The measured variations in DS in the comparative experiments are shown in Fig. 9.4. 

Discharge 
 

Suction 
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The variations of the DS in both modes were similar, with the average values of DS 

in Strategy A and Strategy B being 0.68 oC and 1.56 oC, respectively. This suggested 

that the experimental ASHP unit was operated on a safer side when its EEV was 

under Strategy B. 
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Fig. 9.5 Evaluated defrosting heating capacity during defrosting under the two 

EEV control strategies 

 

The evaluated values of defrosting heating capacity during defrosting are illustrated 

in Fig. 9.5. Similar variation patterns to that shown in Fig. 9.2 can be seen. 

Defrosting heating capacity decreased with the decrease of refrigerant flow rate. As 

seen, the heating capacity of the experimental ASHP unit when its EEV was under 

the control Strategy B was reduced rapidly starting from 280 s into defrosting 

operation when the opening of EEV was at ~ 60% of its maximum. At the end of the 



 179 

defrosting operation, defrosting heating capacity under EEV control Strategy A was 

3.3 times of that under EEV control Strategy B. 

 

By using Equation (7.4), the total heat outputs from the experimental ASHP unit 

during defrosting when the EEV was under the two control strategies were evaluated, 

at 2628 kJ (under Strategy A) and 1769.4 kJ (under Strategy B), respectively. 

Therefore the total output heat can be reduced by 33.7% when the EEV was 

regulated by a DS controller, as compared to fully opening EEV during defrosting, 

with similar defrost duration and performance. 

 

On the other hand, as shown in Table 9.2, the defrosting time periods, td, under 

Strategies A and B, were 590 s and 575 s, respectively, with the latter being slightly 

faster. Furthermore, the total electrical energy consumptions during defrosting of the 

experimental ASHP unit under the two control strategies differed only by less than 

2%. Therefore, the defrosting coefficient of performance (COPd) evaluated by 

Equation (9.1) were 4.35 and 2.98, under Strategies A and B, respectively. It 

appeared though that fully opening an EEV during defrosting can result in a higher 

system efficiency. This traditionally defined COPd may therefore not be able to 

adequately reflect the reality. In fact, the total output heat during defrosting was used 

for not only melting frost, vaporizing melted frost on outdoor coil surface, but also 

warming up the coil metal, and lastly heating the ambient air through convection. In 

other words, part of the total output heat produced was wasted during defrosting. 
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Thus, using COPd may not make too much sense in evaluating the operating 

efficiency of a heat pump during defrosting.    

 

As shown in Fig. 7.1, for an outdoor coil having multi parallel circuits, defrosting 

ended later on its lower circuits than on its higher circuits. Hence, much heat can be 

wasted through heating up ambient air by the hot coil surface of higher circuits. 

Therefore, using the defrosting efficiency, as defined by Equation (7.1), to evaluate 

the performance of a defrosting operation may make more sense. In this 

experimental study reported in this Chapter, the defrosting efficiencies evaluated 

using Equation (7.1) were 28.2% under control Strategy A and 42.9% under control 

Strategy B, respectively. Those suggested that the control Strategy A, or fully 

opening an EEV, would lead to more heat wastage through heating up the ambient 

air by convection, which was particularly true for an outdoor coil consisting of multi 

parallel circuits. On the other hand, when the EEV was controlled by a DS controller 

during defrosting, less heat was wasted, since refrigerant mass flow rate was 

correspondingly reduced at the later part of defrosting, as shown in Fig. 9.2. Given 

that the total input electrical energy consumptions during defrosting under the two 

strategies were similar, less heat was taken from heated indoor space when the EEV 

was controlled by a DS controller (Strategy B). The disturbance to the thermal 

environment in the heated indoor space was therefore less than that when the EEV 

remained fully open during defrosting (Strategy A). 
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9.4 Conclusions 

 

This Chapter reports an experimental investigation on the performance of a reverse 

cycle defrosting operation for the experimental ASHP unit when its EEV was under 

the two different control strategies: fully open and controlled by a DS controller. 

Experimental results suggested that when the EEV was regulated by a DS controller 

during defrosting, a higher defrosting efficiency was obtained. The refrigerant flow 

rate was reduced during the later part of a defrosting operation and thus less heat was 

provided, consequently a higher defrosting efficiency and less heat wastage would 

be resulted in. 
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Chapter 10 

Conclusions and Future Work 

 

10.1 Conclusions 

 

A programmed research work on developing a novel TES-based reverse cycle 

defrosting method and evaluating the operating performance for the experimental 

ASHP unit has been successfully carried out and is reported in this thesis. The 

conclusions of the thesis are: 

 

1) A novel TES-based reverse cycle defrosting method for ASHPs has been 

developed to address the fundamental problem of insufficient heat available 

when using the standard reverse cycle defrosting method. Comparative 

experiments using both the novel TES-based reverse cycle defrosting method 

and the standard reverse cycle defrosting method were designed and carried out. 

The experimental results on the refrigerant side performances of the 

experimental ASHP unit reported in Chapter 5 suggested that the use of the 

novel TES-based reverse cycle defrosting method would lead to the following 

advantages: a smoother transition from defrosting to space heating resumption 

for the ASHP unit; an enhanced reliablity of ASHP unit resulting from a higher 

suction pressure during defrosting and heating resumption, and a reduced energy 

consumption for defrosting because of a shorter defrosting duration. 
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2) Chapter 6 presents the experimental results of the airside performances of the 

experimental ASHP unit and indoor thermal comfort characteristics when using 

the TES-based reverse cycle defrosting method. Indoor thermal parameters 

necessary for thermal comfort evaluation were measured and the indoor thermal 

comfort indexes evaluated based on Fanger’s thermal comfort model. The 

experimental results of the airside performance of the ASHP unit and the 

evaluated indoor thermal comfort indexes (PMV and PPD) clearly demonstrated 

that the use of the novel TES-based reverse cycle defrosting method would lead 

to a shorter defrosting duration because of sufficient heat available for defrost, a 

higher indoor air temperature and consequently, occupants’ indoor thermal 

comfort can be significantly improved during a reverse cycle defrosting 

operation. 

 

3) The experimental part of a study of the reverse cycle defrosting performance on 

the four-circuit outdoor coil in the experimental ASHP unit is reported in 

Chapter 7. It was observed that defrosting was quicker on the airside of upper 

circuits than that on the lower circuits. The effects of downwards flowing of the 

melted frost along a four-circuit outdoor coil surface were discussed, and the 

defrosting efficiency was evaluated at 34.5%.  

 

4) The modeling part of the study is presented in Chapter 8. In order to 

quantitatively analyze the effects of downwards flowing of the melted frost 

along the surface of the four-circuit outdoor coil in the experimental ASHP unit 

on its defrosting performance, a semi-empirical mathematical model, the first of 

its kind, has been developed and is reported. The model prediction results 
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suggested that although the energy used to heat the melted frost only accounted 

for about 10% of the total amount of heat provided to the outdoor coil during 

defrosting, downwards flowing of melted frost along outdoor coil surface 

actually prolonged the defrosting process at lower level circuits, thus prolonging 

the entire defrosting operation and reducing the defrosting efficiency. If the 

melted frost may be drained away locally, an increased of 18.3% in defrosting 

efficiency, as compared to allowing it to flow downwards, was predicted. The 

model developed and reported in this Chapter provided a useful tool for studying 

and understanding the effects of downwards flowing melted frost on the 

defrosting performance of a multi-circuit outdoor coil in an ASHP unit. 

 

5) Chapter 9 reports an experimental investigation on the performance of a reverse 

cycle defrosting operation for the experimental ASHP unit when its EEV was 

under the two different control strategies: fully open and controlled by a DS 

controller. Experimental results suggested that when the EEV was regulated by a 

DS controller during defrosting, a higher defrosting efficiency was obtained. 

The refrigerant flow rate was reduced during the later part of a defrosting 

operation and thus less heat was provided. Consequently a higher defrosting 

efficiency and less heat wastage would be resulted in. 

 

The project reported in this thesis has made important contributions to the 

advancement of heat pump technology through developing the novel TES-based 

reverse cycle defrosting method for ASHPs and studying the defrosting performance 

on a multi-circuit outdoor unit in an ASHP. The novel TES-based reverse cycle 

defrosting method can be used to eliminate the fundamental problem of insufficient 
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heat available for defrosting encountered when using the standard reverse cycle 

defrosting method for ASHPs. The long-term significance of the project is that the 

project outcomes helped increase energy efficiency of, and enhance the reliability of 

an ASHP unit, and improve indoor thermal comfort for occupants. This would in 

turn encourage a wider use of ASHPs, contributing to energy conservation and 

sustainable development worldwide. 

 

 

10.2 Proposed future work 

 

A number of future studies following on the successful completion of the project 

reported in this thesis are proposed: 

 

1) Two heat storage operating modes of using the novel TES-based reverse cycle 

defrosting method for ASHPs, i.e., parallel TES-based heating and serial TES-

based heating, were investigated and the study results are presented in Chapter 5 

and Chapter 6. It is proposed to develop a mathematic model for the 

experimental ASHP unit when operated in both parallel TES-based heating and 

serial TES-based heating modes. The model will include a sub-model 

specifically for the PCM-HE.  Based on the model, the amount of the PCM and 

the size of PCM-HE may be determined for optimized defrosting performance. 

2) A comparison of the annual total energy consumption for the experimental 

ASHP unit when using the TES-based heating method and standard heating 
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method is not included in current study. However, the annual total energy 

consumption is an important parameter when evaluating the performance of an 

ASHP unit. Therefore, a detailed analysis on the annual total energy 

consumption by an ASHP unit at different heating methods should be carried out. 

3) The model developed in Chapter 8 provided a useful tool for studying and 

understanding the effects of downwards flowing melted frost on the defrosting 

performance in a multi-circuit outdoor coil of an ASHP unit. Lumped parameter 

modeling approach was applied, assuming only a two-phase region for the entire 

outdoor coil without considering the existence of a superheated region and the 

sub-cooling region. Further development work should be directed to considering 

all three regions for an improved modeling accuracy.  
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Appendix A 

Table A1 Properties of PCMs with melting points between 20 oC and 30 oC 

Compound Melting 
temperature  

(oC) 

Heat of 
fusion  

(kJ/kg) 

Thermal 
conductivity  

(W/mK) 

Density  

(kg/m3) 

Mg(NO3)2·6H2O 25.8  125.9 n.a 1738 

 (liquid, 20 oC) 

    1728  

(liquid, 40 oC) 

    1795  

(solid, 5 oC) 

CaCl2·6H2O 29  190.8 0.540  

(liquid, 38.7 oC)     

1562  

(liquid, 32 oC) 

 29.2  171 0.561  

(liquid, 61.2 oC) 

1496  

(liquid) 

 29.6  174.4 1.088  

(solid, 23 oC) 

1802  

(solid, 23 oC) 

 29.7 192  1710  

(solid, 25 oC) 

 30    1634 

 29-39   1620 

66.6% CaCl2·6H2O+ 

33.3% MgCl2·6H2O 

25  127 n.a. 1590 

48% CaCl2 +4.3%NaCl 

+0.4%KCl +47.3% H2O 

26.8  188.0 n.a. 1640 

     

47% Ca(NO3)2·4H2O + 

33% Mg(NO3)2·6H2O 

30   136 n.a. n.a. 

Paraffin C16-C18    20-22 152 n.a.  n.a. 
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Table A1 Properties of PCMs with melting points between 20 oC and 30 oC (Continued) 

Polyglycol E600    22 127.2 0.189  

(liquid, 38.6 oC) 

1126  

(liquid, 25 oC) 

   0.187  

(liquid, 67.0 oC)  

1232  

(solid, 4 oC) 

Paraffin C13-C24     22-24 189 0.21  

(solid) 

0.760  

(liquid,70 oC) 

    0.900  

(solid, 20 oC) 

1-Dodecanol 26 200 n.a. n.a 

Paraffin C18 28 244 0.148  

(liquid,40 oC) 

0.774  

(liquid, 70 oC) 

 27.5 243.5 0.15  

(solid) 

0.814 

 (solid,20 oC) 

   0.358  

(solid, 25 oC) 

 

Capric-lauric acid (45-55%) 21 143 n.a. n.a. 

Dimethyl sebacate  21 120-135 n.a.  n.a. 

34% Mistiricacid + 

66% Capricacid    

24 147.7 0.164  

(liquid, 39.1 oC) 

888 

 (liquid, 25 oC) 

   0.154  

(liquid, 61.2 oC)  

1018  

(solid, 1 oC) 

Vinlystearate    27-29 122 n.a. n.a. 

% in weight, n.a.: not available 
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Appendix B 

Photos of the experimental setup 

 

 
Photo 1 Overview of the indoor part of the experimental setup  

 

Refrigerant 
flow meter 

Indoor unit 

PCM based 
heat exchanger  

Electronic 
Expansion Valve 

 

Refrigerant pressure 
transmitter 

DAS 

Receiver 
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Photo 2 Overview of the outdoor part of the experimental setup  

 

 

Photo 3 Air velocity grid and hygrosensor on the outdoor part of the experimental setup 

Air duct 

Air velocity grid 

Outdoor unit Flow hood 

Air velocity grid 

Hygrosensor 
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Photo 4 PCM-based heat exchanger in the experimental ASPH unit 

 

 
Photo 5 Air sampling device in the experimental ASPH unit (1) 

PCM (CaCl2·6H2O) 
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Photo 6 Air sampling device in the experimental ASPH unit (2) 

 

 
Photo 7 Outdoor coil and its instrumentations in the experimental ASPH unit 

Platinum RTD 

Humidity 
transmitter 

Thermocouple 
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Appendix C 

Table C1 List of the measured parameters 

Measured 
parameter 

Location Instrument/ 
sensor 

Number Accuracy 

RT Compressor discharge TC (K-type)  1 ± 0.3 ºC 
RT Compressor suction TC (K-type) 1 ± 0.3 ºC 
RT Indoor coil outlet  TC (K-type) 1 ± 0.3 ºC 
RT Receiver inlet TC (K-type) 1 ± 0.3 ºC 
RT EEV outlet  TC (K-type) 1 ± 0.3 ºC 
RT Top circuit inlet  TC (K-type) 1 ± 0.3 ºC 
RT Second top circuit inlet TC (K-type) 1 ± 0.3 ºC 
RT Second bottom circuit inlet TC (K-type) 1 ± 0.3 ºC 
RT Bottom circuit inlet TC (K-type) 1 ± 0.3 ºC 
RT Top circuit exit TC (K-type) 1 ± 0.3 ºC 
RT Second top circuit exit TC (K-type) 1 ± 0.3 ºC 
RT Second bottom circuit exit TC (K-type) 1 ± 0.3 ºC 
RT Bottom circuit exit TC (K-type) 1 ± 0.3 ºC 
RT Outdoor coil exit TC (K-type) 1 ± 0.3 ºC 
RT PCM-HE outlet TC (K-type) 1 ± 0.3 ºC 
PCM 
temperature 

Inserted in the middle of 
PCM-HE 

TC (K-type) 1 ± 0.3 ºC 

Melted frost 
temperature 

water collecting pan outlet TC (K-type) 1 ± 0.3 ºC 

Air temperature Supply air temperature 
from indoor unit 

Pt100 5 Class A 
± 0.1 ºC 

Air temperature Upstream of the outdoor 
unit 

Pt100 1 Class A 
± 0.1 ºC 

RH Upstream of the outdoor 
unit 

Humidity 
transmitter 

1 ± 3.0% 

Air temperature Downstream of the 
outdoor unit 

Hygrosensor 1 ± 0.2 oC 

RH Downstream of the 
outdoor unit 

± 1.0% 

RP Compressor discharge Pressure 
transmitter 

1 ± 0.3% 

RP Compressor suction Pressure 
transmitter 

1 ± 0.3% 

RP Receiver inlet Pressure 
transmitter 

1 ± 0.3% 

RP EEV outlet Pressure 
transmitter 

1 ± 0.3% 

RF Between EEV and receiver Flow meter 1 ± 1.6% 
Air flow rate Air flow rate passing Flow hood  1 ± 3% 
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through the outdoor coil 
Air velocity supply outlet of the indoor 

coil 
Velocity 
transducer 

5 ± 1.0% 

Amount of the 
melting water 

Under the water collecting 
pan 

Measuring 
cylinder 

1 ± 0.1 liter 

Power 
consumption 

Compressor PWM digital 
power meter 

1 ± 2% 

RT: Refrigerant temperature 

RP: Refrigerant pressure 

RF: Refrigerant flowrate 

TC: Thermocouple 
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