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Abstract 

Abstract of thesis entitled: Application of MPCM Slurry with Cooled Ceiling to 

Realize a Low Energy Building Design 

Submitted by                   : Wang Xichun 

For the degree of             : Doctor of Philosophy 

at The Hong Kong Polytechnic University in January, 2008. 

The objective of this study is to develop a building energy cooling system using 

microencapsulated phase change material (MPCM) slurry as  both  heat transfer and 

heat storage medium, which is integrated into the cooled ceiling (CC) technology for 

removing room sensible heat. With the increased specific heat capacity and enhanced 

heat transfer of the slurry working fluid, pump energy consumption can be reduced 

and more significantly nighttime cooling using off-peak electricity or evaporative 

cooling can be more effectively stored to reduce the daytime peak electricity demand.  

First a series of experimental investigations were carried out to investigate the 

MPCM physical properties, including latent heat of fusion, melting and freezing 

points, viscosity data and particle diameter distribution. State-of-the-art equipment 

was used to characterize the MPCM slurry, including a differential scanning 

calorimeter (DSC), a rheometer, and a mastersizer. The results indicate that the slurry 

developed by us is homogenous and can be considered as a Newtonian fluid even 

when particle mass faction is up to 27.6 %. An experimental rig was set up to 

understand the heat transfer behaviors of MPCM slurry in a horizontal circular tube 

under a uniform heat flux boundary condition. The slurry consisted of 

microencapsulated 1-bromohexadecane (C16H33Br) and water, and the mass fraction 

of MPCM particles varying from 5 % to 27.6 %. The pressure drop and local heat 
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transfer coefficients were measured, and the influence of particle fractions, heating 

rates and flow structures on heat transfer performance has been studied. Heat transfer 

coefficients measured for MPCM slurry are significantly higher than those for single-

phase fluid flow in laminar flow conditions, and they exhibit more complicated 

phenomena at low turbulent flow conditions. Up to 1.67 times higher average 

Nusselt number relative to pure water was found in laminar slurry flow when particle 

mass fraction was 0.276, and about 1-2.5 time higher average Nusselt number was 

found in turbulent slurry flow.  Two new heat transfer correlations, which predict the 

average heat transfer data within an error of ±10 %, were proposed for predicting the 

heat transfer behaviors of MPCM slurry in the phase change process along the flow 

direction. 

Air-conditioning electricity use does not only constitute a major portion of global 

energy consumption but also stresses electricity generation installation capacities. 

Opportunities exist to alleviate the problems via improving air-conditioning system 

efficiency and leveling the electricity demand profiles. The application of MPCM 

slurry for cooling storage in combination with CC was therefore proposed to 

investigate these aims. With a separate chilled water system for air-handling units to 

cool and dehumidify the ventilation air, the remaining space cooling load is taken by 

the radiant CC panels, which use MPCM slurry of a temperature above 18 oC 

obtained from thermal storage using nighttime electricity chilling, which in turn 

operates at a relatively high evaporator temperature of 13 oC. Building energy 

simulation technique was used to investigate the thermal performance and energy 

efficiency of the combined system of CC and MPCM storage. The simulation 

procedure was fulfilled by enhancing the exiting building simulation code 

ACCURCY. A feasibility analysis for the combined system was made based on the 
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computer calculations. It is found that a small MPCM slurry tank with volume of 

0.0283 m3/(m2 floor area) is able to shift the part of cooling load of a typical office 

room with the height of 2.6 m from the daytime to nighttime. It is also revealed that 

the combined system of CC and MPCM slurry storage is an energy saving and 

economy favorable air-conditioning system. Compared with the combined system of 

CC and ice storage, the combined system of the CC and MPCM slurry consumes 72 

% less electricity power and spends less energy cost at a low ratio (<2.4) of day and 

nighttime tariff.  

Evaporative cooling technology is able to generate the cooling medium at a 

temperature approaching the ambient wet bulb temperature. The assessment of 

evaporative cooling availability was done for five representative climate cities in 

China, including Hong Kong, Shanghai, Beijing, Lanzhou and Urumqi. Energy 

saving potential of the hybrid system of CC, MPCM slurry storage and evaporative 

cooling technologies was examined by using previous validated building simulation 

software. The results indicate that the hybrid system offers extensive energy saving 

potential up to 80 % under northwestern Chinese climate and less extensive energy 

saving up to 10 % under southeastern Chinese climate. The optimal design of the 

MPCM slurry storage system has also been made based on the monthly/weekly 

cooling storage behaviors and cooling demand of the ceiling panels. The optimal size 

of the slurry tank with two-day cooling storage capacity for a typical office room is 

found to be 0.034 m3/m2 floor area when it is located in Hong Kong and 0.046 m3/m2 

floor area when it is located in Urumqi. 

The results from this study are useful for the development of the new compact heat 

exchangers for the utilization of the MPCM slurry and the design of the new thermal 

energy storage system using MPCM slurry as storage medium. 
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Chapter 1  

Introduction 

 1.1 Background  

 

Energy consumption in buildings has grown quickly in recent decades due to the 

growth of economy, business and population. More and more residential and 

commercial buildings have been built with increasing demands for better building 

services, for instance, more air-conditioning systems are installed and more 

computers are used. According to the review of U.S. Department of energy (2006), 

the energy consumption of the buildings in U.S. consumes more than 30 % of U.S. 

total energy consumption of the country. In china, the buildings consume more than 

27 % of total energy consumption (National Bureau of Statistics of China 2006).  

Therein, the amount of energy consumption of the heating, ventilation, and air-

conditioning (HVAC) systems occupies about 60 % of total energy consumption of 

the buildings. Therefore, with a purpose of reducing the energy consumption while 

maintaining good indoor air quality, it is crucial to develop energy saving HVAC 

systems for different types of the buildings. 

 

Traditionally, the HVAC systems are classified as all-air systems including constant 

volume system and variable volume system, and air-water systems including fan-coil 

system. All-air systems provide heating, ventilation and cooling by circulating air 

through spaces to maintain the desirable conditions. In other words, such kind of 

systems employs air not only for the ventilation task, but also as a heat transfer 

medium. In order to keep the room temperature at the comfortable range, a large 
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amount of air is recirculated to the space and only small fraction of supply air is the 

fresh air needed for the ventilation, which results in large energy consumption in fan 

system. One of alternative HVAC systems, which gives the energy saving potential 

and provides high indoor air quality, is a combined system of cooled ceiling (CC) 

and displacement ventilation (DV). 

 

CC system removes the sensible heat of the room by both convection and radiation, 

while DV system supplies the minimum fresh air at floor level for the ventilation 

purpose. A combined CC and DV system may provide the possibilities of energy 

saving and enhancement of thermal comfort. The CFD results by Niu and Kool 

(1994) showed that the CC system can significantly increase the cooling capacity of 

the DV system. A combined CC and DV system also results in the vertical 

temperature uniformity because the air is supplied at floor level and exhausted at the 

ceiling level. Consequently, the combined system of CC and DV creates a ‘cool head 

and warm feet’ radiant environment, which is much more comfortable than a ‘warm 

head and cool feet’ environment created by a conventional all-air system (Hodder et 

al. 1998, Imanari 1999). In addition, the use of the combined CC and DV system 

separates the tasks of ventilation and thermal conditioning of the building, the 

amount of air circulated to the building is therefore significantly reduced. It is 

reported that the electrical consumption of fans and pumps for a combined CC and 

DV system can be reduced to approximately 25 % of the fan energy consumption for 

a conventional all-air system (Feustel and Ctetiu 1995). CC system operates at 

relatively high chilled water temperatures, usually around 14-20 oC (Novoselac and 

Srebric 2002), which makes it possible to apply a number of energy saving 

techniques, e.g. ground cooling (Alamdari 1998), evaporating cooling (Niu et al. 
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1995, Gan and Riffat 1999, Costelloe 2003), desiccant cooling (Niu et al. 2002) and 

ice storage system (Matsuki 1999), to reduce the energy consumption of building 

cooling systems.  

 

Phase change materials (PCMs) have long been used for thermal storage/control 

material because of the large amount of heat absorption/release during the phase 

change processes, with only small temperature variations. In the last 40 years, many 

efforts have been made to enhance the energy storage capacity of structural material 

for solar and building applications by integrating the PCMs directly into other 

structures, e.g. wallboard, concrete blocks, under floor heating system, etc. (Farid et 

al. 2004). However, thermal performances of such application are not significant due 

to the low thermal conductivity of the PCMs (Wang et al. 2002). In recent years, a 

new approach was proposed, in which the PCM was microencapsulated and 

suspended in a single-phase heat transfer fluid (e.g. water) to form the solid-liquid 

MPCM slurry (Kasza and Chen 1985). Due to the micro-encapsulation of PCM 

particle by a thin plastic shell, the core material is always separated from the carrier 

fluid, which makes MPCM slurry behave like a liquid which can be pumped through 

the pipes, while the latent heat effect associated with phase change significantly 

increases the heat capacity of the carrier fluid. In addition, the heat transfer 

coefficient between the fluid and heat transfer surface may greatly be increased 

because of the latent heat effect and the particle to particle interactions (Sohn and 

Chen 1981, Kazsza and Chen 1985). Thus MPCM slurry can significantly reduce 

piping dimensions, pumping energy consumption and heat exchanger size compared 

with single-phase heat transfer fluids. The cooling/heating stored by MPCM slurry in 

the nighttime for use in the cooling/heating applications in the daytime allows for 
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shifting and leveling the electric power load, which makes it possible to reduce the 

CO2 emissions accompanying with the electricity generation. Therefore, 

thermophysical, heat transfer and environmentally nature have made MPCM slurry 

attractive as both heat transfer and heat storage medium from technical and economic 

points of view. 

 

The flow and heat transfer characteristics of the MPCM slurry make it possible to 

use as the heat transfer medium in the ceiling panels. The combined system of CC 

and MPCM slurry storage is accomplished by using a slurry storage system. With the 

increased specific heat capacity and enhanced heat transfer performance of the slurry 

working fluid, pump energy consumption can be reduced and more significantly 

nighttime cooling using off-peak electricity can be stored to reduce daytime peak 

electricity demand more effectively. On the other hand, MPCM slurry for the CC 

applications uses the relatively high MPCM melting temperature, which makes it 

possible to store the cooling in the slurry using free evaporative cooling technology.  

 

1.2 Statement of the Problem 

 

The utilization of the MPCM slurry in cooling applications will drastically impact 

fluid heat capacity and heat transfer rate leading to the use of the smaller and more 

compact of heat exchanger, heat transport and heat storage equipment compared with 

chilled water system. The optimum design of the combined system of CC and 

MPCM slurry storage, however, requires good knowledge of flow and heat transfer 

behaviors on the MPCM slurry side of the heat exchangers, which can not be readily 

deduced from manufacture’s published data, since existing heat exchangers are not 
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intended for the use of slurries accompanying with phase change. Although several 

investigators (Charaunyakon et al. 1991, Choi et al. 1993, Yamagishi 1999) have 

attempted to measure the heat transfer performance of MPCM slurry in a horizontal 

circular test tube under a constant heat flux, there are no correlations proposed to 

calculate the heat transfer coefficients of the slurry flowing a horizontal circular tube, 

as the heat transfer behaviors are influenced by several parameters including heat 

flux, MPCM particle fraction, particle size, latent heat of the material and slurry 

viscosity. This is perhaps due to the complex heat transfer mechanisms of the MPCM 

slurry flows and narrow ranges of experimental conditions applied for each 

investigation.  

 

The flow behaviors of the MPCM slurry in the pipe flow should be fully understood 

and quantitatively mastered by the design engineers. However, the understanding of 

the flow and rheological behaviors is limited with single-phase heat transfer fluid and 

the solid-liquid slurry without phase change. The wide applicability of the viscosity 

and friction factor equations for the conventional solid-liquid slurry to MPCM slurry 

is still unknown. Yamagishi et al. (1999) reported that the classical friction factor 

equations for single-phase fluid flow can be used to calculate friction factors of 

MPCM slurry flowing in a horizontal circular test tube, however, only the 

microencapsulated C18H38 with particle size of 2-10 μ m was used in their 

investigation. The validity of the friction factor equations should be judged for other 

types of slurries and the dynamic viscosities of other types of slurries should be 

measured.  
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The selection of suitable PCM candidate is also a challenge, because most of PCM 

candidates including organic and inorganic substance have some degree of 

supercooling, and it is particular high for the inorganic PCMs. The requirements of 

the PCMs for cooling/heating applications includes: stable material properties, 

suitable melting/cooling temperatures, low degree of supercooling and high latent 

heat value. For MPCM slurry in piping circulations, the factor of the shell durability 

of the MPCM particle should also be considered. Therefore, the good knowledge of 

the crystallization of the material and the basic knowledge of material science are 

required in the process of material selection. The micro-encapsulation of PCM even 

needs the interdisciplinary cooperation.  

 

Conventionally, water is used as heat transfer medium in the CC system, in the 

present research, however, the MPCM slurry is used as heat storage and heat transfer 

medium in the CC system, the thermal behaviors and energy consumption of 

building with the combined system of CC and MPCM slurry will be quite different 

from those with conventional CC running with water. All of these require the 

dynamic simulation of the integrated system of CC and MPCM slurry. In theoretical, 

it is possible to freeze MPCM slurry by free evaporative cooling, however, a 

complete evaluation of evaporative cooling potential for cooling the MPCM slurry 

should be made for the cooling applications at typical locations in China. 

 

1.3 The Objectives the Present Research  

 

The first objective of this research is to select a suitable PCM and to prepare a kind 

of MPCM slurry as working fluid for both heat transfer and thermal storage medium, 
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and to integrate it into the emerging CC system technology, forming a novel air-

conditioning system. 

 

A second objective of this research is to measure the heat transfer properties of 

MPCM particles and their slurries. The appropriate PCM candidates are selected and 

experimental data is obtained for use in the next stage of the research. An 

experimental rig is built to improve the understanding of the flow and heat transfer 

characteristics of MPCM slurries in a horizontal circular tube. The melting 

experiments of the MPCM slurries at different particle fractions are performed in a 

circular test tube with a constant heat flux. The influence of the parameters on the 

heat transfer and flow characteristics is therefore revealed. An analysis of the 

experimental results is used to develop correlation equations to predict the heat 

transfer behaviors of MPCM slurries in a circular tube. A separate set of experiments 

using a pressure drop transducer across the heat transfer test section is used to 

measure rheological behaviors of the slurry and to test the applicability of the 

classical friction factor equation to the solid-liquid MPCM slurry with phase change.  

 

The third objective is to develop a MPCM slurry storage component model that can 

be used with an existing CC system model, which will be used to simulate the energy 

performance of the combined system. The simulation work is to identify the 

application system configuration and optimal operation parameter that could achieve 

maximum energy efficiency and improve the energy efficiency of the commercial 

buildings.  
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The final objective of this research is to assess the reduction of peak electricity 

demand of the combined system of CC and MPCM slurry storage using the nighttime 

off-peak electricity refrigeration and the electricity tariff structure that will encourage 

the use of the combined system. Both the reduction of the peak electricity demand 

and annual energy consumption of the integrated system using free evaporative 

cooling are also assessed under different climate conditions in China.  

 

1.4 Outline of This Thesis  

 

In Chapter 2, the past work in the field of phase change slurry including both phase 

change emulsion and MPCM slurry are extensively reviewed with the main emphasis 

on the heat transfer studies in different heat exchangers. Most of the previous work in 

this field is briefly reviewed and discussed. The research work into the combined 

system of CC and DV are also comprehensively reviewed in terms of thermal 

comfort, air quality, energy efficiency, energy saving techniques and condensation 

prevention.  

 

In Chapter 3, the MPCM slurries themselves are evaluated. The models to predict the 

density, heat capacity and thermal conductivity of MPCM slurries are presented. The 

rheological behaviors of the slurries at different particle mass fractions are discussed. 

The parameters that affect the durability of the MPCM particles are also evaluated.  

 

Chapter 4 firstly outlines the experimental apparatus and procedures used to obtain 

data for the melting heat transfer study of MPCM slurries. The results from tests with 

pure water and the MPCM slurry under both laminar and turbulent flow conditions 
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are reported and discussed. This chapter also proposed two correlation equations to 

describe the average heat transfer behaviors of the MPCM slurries flowing in a 

horizontal circular tube.  

 

In Chapter 5, a design of the combined system of CC and MPCM slurry is proposed 

and mathematically modeled. The annual energy consumptions of CC combined with 

MPCM storage, CC combined with ice storage and CC without thermal storage are 

calculated and the economic benefits of the three systems are compared.  

 

Chapter 6 gives a detailed analysis of evaporative cooling availability for five typical 

cities in China, and energy saving potential of the evaporative cooling for the 

combined system of CC and MPCM slurry thermal storage is also explored and the 

optimal design of the MPCM slurry storage system has been made. 

 

The final chapter, Chapter 7 gives an overall conclusion drawn from the present 

work, and suggestions for future researches are also given in this chapter.  
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Chapter 2  

Literature Review 

2.1 Review of Phase Change Slurry as Heat Transfer Medium 

2.1.1 Introduction 

 

Conventional heat-transfer fluids such as water, air, mineral oil and ethylene glycol 

are of vital importance to many industrial sections, including air-conditioning, 

energy production and transportation, chemical production, microelectronics, etc. 

These fluids, however, have poor thermal heat transfer properties compared to most 

solids, which hinder the high compactness and effectiveness of heat exchangers.  

 

Although variety of techniques has been applied to enhance the heat transfer, 

improving thermal properties of fluids, such as thermal conductivity and heat 

capacity, seems to be a promising way among them to augment the heat transfer.  An 

innovative way to increase the effective thermal conductivity of fluid is to suspend 

the particles in the fluids. Various types of solid particles such as copper, chalk, 

carbon, chalk and silica, plastic bead with dimensions from micrometer to 

millimeter, are dispersed into the single-phase carrier fluid to form slurries 

(Salamone and Newman 1955, Ahuja 1975, Harada et al. 1975, Liu et al. 1988, Sohn 

and Chen 1981).  

 

Recently advances in material science have led to the development of new category 

of fluids termed phase change slurries (PCS).  Such kind of fluids are liquid 

suspensions containing a certain amount of phase change material (PCM) particles 
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with a dimension of several micrometers, due to the high apparent heat capacity 

induced by the latent heat effect of PCM particles, PCS may have double benefits in 

enhancing the heat transfer performance and storing the energy with higher storage 

capacity relative to conventional solid-liquid slurry flow. 

 

Compared with the conventional single-phase heat transfer fluid without phase 

change, PCS benefits from a variety of special features including (a) a high-density 

thermal energy due to the absorbing/releasing latent heat involved in the phase 

change processes of PCM particles, (b) relative small variations in operating 

temperatures due to approximately constant temperature during charging and 

discharging processes of PCM, which offers attractive opportunity to use low-grade 

thermal energies, (c) high heat transfer rate around the particles due to the large 

surface area to volume ratio (Hawlader et al. 2000), (d) high effective thermal 

conductivity due to the additive of micro-particles in the fluid (Kasza and Chen 

1985), (e) reduction in the size of heat exchanger and pipe size due to the high heat 

capacity and high heat transfer coefficient (Kasza and Chen 1985), (f) low pump 

energy consumption due to the large heat capacity, (g) reduction in heat loss in the 

heat exchanger processes due to the same media for both energy transport and 

storage (Inaba 2000), (h) shifting the heating/cooling load to off-peak electricity 

because PCS has high energy storage capacity and can be stored in a tank for later 

use.  

 

The review study carried out here gives the results of a thorough literature 

investigation into the use of PCS as heat transfer fluid. The following aspects have 

been concerned: (i) heat transfer characteristics, (ii) potential industrial applications.  
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2.1.2 Heat Transfer Enhancement Mechanisms 

 

Kasza and Chen (1985) proposed to use phase change slurry and indicated its 

potential benefits. They claimed that, if a thermal storage system was circulated by a 

PCS as heat transfer fluid, the heat transfer coefficient as well as the heat storage 

capacity would be increased due to two mechanisms, enhanced effective thermal 

conductivity and improved effective heat capacity. 

 

The convective heat transfer coefficient of single-phase fluid flow under turbulent 

pipe flow can be expressed as 

 

                                                              2/3 1/3
ph k C∼                                                (2.1)         

 

According to the previous works (Maxell 1954, Leak 1973, Nir and Acrivos 1976), 

the effective thermal conductivity of solid-liquid slurry was increased up to several 

orders of magnitudes compared with conventional single-phase heat transfer fluid 

due to microconvective effect around the particles. The heat transfer enhancement 

due to the enhanced thermal conductivity was significant. For example, a thirty-fold 

increase of the effective thermal conductivity and a ten-fold increase of the heat 

transfer coefficient were predicted for a 30 %wt suspension of 1-mm particles in a 

10-mm-diameter pipe at an average flow velocity of 10 m/s.  

 

The enhancement of the heat transfer coefficient ratio due to latent heat was 

described by Kasza and Chen (1985) as 



 

 13
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φ⎛ ⎞Δ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎟⎜ Δ⎝ ⎠
∼ , for pH C TφΔ Δ                                      (2.2)   

   

Where φ  is the volumetric fraction of PCM particles and ΔH is the latent heat of 

fusion. This expression indicates that a single-phase fluid with the addition of PCM 

particles has the significant potential of heat transfer enhancement.  

 

2.1.3 Slurry Flowing in a Circular Tube under Laminar Flow Conditions 

 

Charunyakorn et al. (1991) numerically investigated the heat transfer characteristics 

of MPCM slurry flow in a circular pipe. The heat absorption/release of micro-spheres 

was accounted for the heat source of the energy equation, and the numerical 

calculations were made based on two different boundary conditions, namely, 

constant wall temperature and constant wall heat flux. The numerical calculations 

exhibited that heat fluxes of the MPCM slurry were about 2-4 times higher than the 

single-phase fluid flow. The results also showed that the heat transfer performance of 

slurry was dependant on the Stefan number Ste (ratio of sensible heat of slurry to 

latent heat of slurry) and the particle concentration, while effects of particle size are 

not critical parameter to the heat transfer performance.  

 

Goel et al. (1994) conducted an experimental study to investigate forced convection 

heat transfer in MPCM slurry under laminar flow conditions. The core material of 

the MPCM particles was n-eicosane (C20H42), which has a transition temperature of 

42.5 oC and a latent heat of fusion of 240.4 kJ/kg. The carrier fluids in the phase 

change suspension were selected to be water and aqueous ethanol (up to 80 % of 
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suspension by volume). A circular copper tube of 0.3 m in length with an internal 

diameter of 4.76 mm was used as heat transfer test section, and a Plexiglas tube of 

0.5 m in length was used as the entrance section to ensure that the flow entering the 

test section was fully developed. The measurements were made under the constant 

heat flux condition at the particle volumetric concentrations of 5 %, 10 %, 15 %, and 

20 %. The micro-sphere with diameters of 100 μm and 250 μm and core material 

with weight fraction of 70 % were employed, but it should be noted that the 

experiments with 250 μm particles were only conducted for the slurries with particle 

concentrations of 5 % and 10 %.  

 

 All results from experiment of Goel et al. (1994) were summarized based on the 

wall temperature variations of the test tube along the slurry flow direction. In all 

cases the wall temperature was increased along slurry flow direction. Results showed 

that up to 50 % reduction in the wall temperature rise can be obtained by the addition 

of the MPCM particles, compared with those of using water as heat transfer fluid. It 

was also found that the bulk Stefan number was the dominating parameter. For a 

given concentration, the wall temperature rise increased with the decreasing of the 

bulk Stefan number. The results also were compared with the simulation results of 

Charunyakorn et al. (1993), although the simulation results followed the similar trend 

of the experimental results, there were still large discrepancy between them, 

therefore the following reasons was proposed by Charunyakorn et al. (1993) to 

account for the model assumption as follows 

(1) The temperature of suspension was assumed to be the melting temperature of 

PCM at the inlet of the test section; 
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(2) The melting of the MPCM particles was assumed to be happened at one 

specific point instead of a temperature range; 

(3) The effect of microcapsule crust on heat transfer was assumed to be 

negligible; 

(4) The fluid and particle interactions were assumed to be negligible. 

A correction, which accounted for initial subcooling of the phase change material at 

the entrance of the test section, was used. However, this only brought the difference 

between the experimental results and predictions of Charunyakorn et al. (1991) to 

about 45 %, even though the temperature rise is much lower than the one without 

using the correction.  

 

The effects of particle diameters was only investigated for slurry with 5 % and 10 % 

concentrations, it was found that the wall temperature rise reductions were about 15 

% for MPCM particles with average diameter of 250 μm, although the heat transfer 

characteristics were independent of the micro-sphere diameter according to the work 

of Charunyakorn et al. (1991). The reasons of the difference between the 

experiments of Geol et al. and predictions of Charukorn et al. were still unclear, 

although they pointed out that the reason was probably related to the varying 

temperature during phase change processes of the MPCM particles instead of the 

nature of the flow field. Other investigators also attempted to explore the origin of 

these effects, among them are Zhang and Faghri (1995), Roy and Avanic (1997), Hu 

and Zhang (2002). 

 

Zhang and Faghri (1995) improved the theoretical analysis by taking account of the 

effects of the microcapsule crust, the initial subcooling and the width of phase 
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change material melting range on the variations of the test tube wall temperatures. 

After considering the effect of the microcapsule’s crust and the initial subcooling, the 

difference between the simulation predictions and the experimental results of Geol et 

al. (1994) were reduced from 45 % to 34 %. When the width of the phase change of 

2.3 oC was used, a good agreement was achieved between the simulation results and 

experimental results (Geol et al. 1994). However, the degree of phase change melting 

range should be further examined by the experimental work. 

 

Roy and Avanic (1997) experimentally examined the laminar forced convection heat 

transfer of the phase change emulsions. Instead of using MPCM sphere in the 

previous measurements (Charunyaorn et al. 1991), the pure PCM particles were 

dispersed into the carrier fluid to form the phase change emulsions. Finally, they 

found the heat transfer characteristics of the phase change emulsions were similar to 

those of MPCM slurries, which confirmed that the microcapsule crust will not affect 

the heat transfer performance significantly. However, the numerical calculation of 

Zhang and Faghri (1995) showed the shell effect of the microcapsules on the heat 

transfer performance of the slurry was in the order of 10 %.  

 

The convective heat transfer enhancement with MPCM slurries in a circular tube 

with constant heat fluxes was also numerically investigated by Hu and Zhang (2002). 

The effective heat capacity method was applied, in which the latent heat of PCM was 

calculated in the heat capacity term and simulated as a function of the temperature. 

The effect of both the width of phase change range and subcoooling degree on the 

heat transfer were also taken into consideration and the same dimensionless phase 

change range value of 0.4 was used as that of Zhang and Faghris’ work (1995). The 
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simulation prediction of Hu and Zhang (2002) was in good agreement with the 

experimental results of Goel et al. (1994). With the validated model developed by 

them, the effects of other factors, e.g. the effective heat capacity, effective thermal 

conductivity, Stefan number, particle concentrations and microcapsule sphere size, 

on the heat transfer characteristics were examined. 

 

The previous numerical models used a complicated source termed model (the heat 

release/absorption of PCM particles was accounted for the heat source term of 

energy equation) so that they can’t be readily used in commercial computational 

fluid dynamics (CFD) package. In order to overcome this limitation, Endwin and 

Roy (1999) developed an effective specific heat capacity model for heat transfer of 

the MPCM slurry in a circular test duct. The specific heat capacity as a function of 

temperature was derived and the effective heat capacity of MPCM sphere was 

modeled after four different functions, namely, rectangular case, right triangle case, 

left triangular case, and sine cases. Simulation results showed differences between 

the cases using different four functions were very small, which confirmed that the 

nature of phase change process is not critical in modeling heat transfer processes of 

the phase change slurry. The evaluation of other parameters, which reported by Goel 

et al.(1994) , Zhang and Faghri (1995), e.g. bulk Stefan number, the degree of 

subcooling, the dimensionless melting temperature range and specific heat capacity 

ratio, were made for laminar MPCM slurry flows in a circular duct with a constant 

wall temperature. The final simulation was only made for the specific heat modeled 

after the rectangular curve. The simulation results confirmed that the Stefan number 

and the degree of supercooing were two dominating parameters in the heat transfer 

performance of the MPCM slurry, while the heat transfer enhancement remained 
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constant for dimensionless melting temperature range between 0 and 0.3. In addition, 

the specific heat capacity ratio of the MPCM core and shell was found to be no 

significant effect on the heat transfer characteristics.  

2.1.4 Slurry Flowing in a Circular Tube under Turbulent Flow Conditions 

 

Choi et al. (1994) studied the convective heat transfer of phase change emulsion in a 

turbulent pipe flow. A 10 m horizontal stainless steel tube with internal diameter of 

1.016 cm was used as test section, including 3.25 m hydrodynamic entry section and 

6.27 m main test section, the main test section was divided into four zones and 

heated by electrical heater at constant heat fluxes in parallel. The phase change 

emulsion consisted of hexadecane (C16H34) particles, water and emulsifier. To 

prepare the slurry, the water was mixed with liquid hexadecane and emulsifier in the 

static mixer to form liquid-liquid emulsion, then the mixture was circulated through 

cooing coil in the cooling bath, in which the liquid hexadecane solidified into fine 

solid particle to form a stable solid-liquid suspension. The size of solid hexadecane 

particles was controlled by the concentration of the emulsifier and was smaller than 

0.1 mm in this experiment in order to avoid the clogging in the flow loop. The 

volumetric of the particles in the slurry can be simply determined by the flow rate of 

water and liquid hexadecane.  The temperature of suspension at the exit of cooling 

coil was maintained at approximately 7-8 oC to ensure the solidification of 

hexadecane particles at the entrance of test section.  

 

Choi et al. (1994) proposed a ‘three-region melting’ model to determine the local 

bulk mean temperatures of slurry flows in a horizontal circular tube. In the first 

region, the mean bulk temperature increased linearly along the flow direction, which 
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is determined by the sensible heat capacity of water and solid PCM. In the second 

region, mean bulk temperature remains constant at the melting temperature of PCM.  

In the final region, mean bulk temperature increased linearly again and can be 

determined by the sensible heat capacity of water and liquid PCM. Along the test 

section, the local heat transfer coefficient was found to increase in Region I, to 

decrease in Region II, and to increase again in Region III. The mechanisms of this 

phenomenon was postulated to be: (1) In Region I, the phase change only happened a 

very thin layer near the wall, (2) In region II, the bulk temperature reached the 

melting temperature of hexadecane, the increased melting PCM layer and the 

reduced solid MPCM number brought a decreasing of heat transfer coefficient, (3) In 

region III, due to the completion of melting process, the flow was brought into a 

normal turbulent flow heat transfer condition. The variations of pressure along the 

pipe flow also could be explained by the above mechanisms, in the first region the 

variations of the differential pressure almost kept constant, because all the 

hexadecane particles kept in solid state in this region. There was higher pressure drop 

in the Region II compared with Region I, because the bulk mean temperature reached 

the melting temperature of the PCM, the phase transition occurred for the PCM 

particles. The change of differential pressure kept constant again in Region III due to 

the completion of the phase change, all the MPCM particle were then in the liquid 

state.  

 

Choi et al. (1994) also pointed out the traditional LMTD method is not suitable for 

analyzing the phase change slurry flow due to the variations of the local heat transfer 

coefficient and effective heat capacity along the heat transfer test section, therefore 

the  friction and bulk temperature were measured locally in this case.  
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Yamagishi et al. (1999) investigated heat transfer characteristics of MPCM slurry in 

a pipe flow under both laminar and turbulent conditions. The actual slurry consisted 

of microencapsulated octadecane (C18H38) particles (with melting temperature of 28 

oC and latent heat of 223 kJ/kg) and water (as suspending fluid). The volumetric 

concentrations of particles in the slurry ranged from 0.7 % to 30 %. In order to 

ensure the low breakage of MPCM particles in the circulations of slurry in the pump, 

the particles with 6.3 μm mean diameter was used and a Moyno progressive cavity 

pump was applied. A horizontal stainless-steel circular pipe with inner diameter of 

10.0 was used as test section, including 2.5 m hydrodynamic entry section and 8.0 m 

heat transfer section. The heat transfer section was divided into 10 segments and 

each segment was heated separately by the electrical heater with a constant heat flux.  

Measurements of wall surface temperatures at the central position of each segment 

and pressures at two ends of each segment were made along the flow direction of the 

heat transfer section.  

 

In the experiments of Yamagishi et al. (1999), the measured local bulk temperatures 

of slurry flow at particles concentration of 12 % and mean flow velocity of 1.25 m/s 

were compared with the calculated local bulk temperatures based on the ‘three-

region melting’ model for the melting process of the phase change emulsion in a 

circular test tube (Choi et al. 1994), it was found that the melting of MPCM slurry 

changed in a range across the melting temperature, they pointed out that it was 

caused by the supercooling and finite melting of the PCM slurry. The variations of 

heat transfer coefficients presented three distinct regions as those found in 

experiments of Choi el al. (1994) for the phase change emulsions. Along the test 

section, the local heat transfer coefficient was found to increase in Region I, to 
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decrease in Region II, and to increase again in Region III, it was also found that the 

maximum value of local heat transfer coefficient was depended on the MPCM 

particle fraction, the degree of turbulence and the heating rate of the test section, for 

example, the maximum heat transfer coefficient for Q&  = 5.0 kW was found to be 

larger than that for Q&  = 8.8 kW for the slurries with the same particle fraction of 12 

% and mean flow velocity of 1.54 m/s, the maximum heat transfer coefficient for 

slurry with particle fraction of 12 % was found to be larger than that of the slurry 

with particle faction of 7 % at the same mean flow velocity of 1.54 m/s and Q& = 5.0 

kW, and the maximum heat transfer coefficient for mean flow velocity of 1.54 m/s 

was larger than that of the slurry with mean flow velocity of 0.91 m/s at the same 

particle fraction of 12 % and Q&  = 5.0 kW. 

 

Inaba et al. (2003) investigated the heat transfer characteristics of MPCM slurries 

under turbulent flow conditions with plural microcapsules having different 

diameters. To produce the plural MPCM slurry, the larger MPCM (n-tetradecane, 

C14H30, with melting point of 278.9 K and latent heat of 229 kJ/kg) particles of 17 

μm at a concentration of φ big = 0.1 ~ 0.5 mass fraction were mixed into a small size 

of MPCM (n-docosane, C14H30, with melting point of 318.2 K and latent heat of 189 

kJ/kg) slurry at a particle mass fraction of φ small = 0.2. To investigate the mixing 

effect of large size PCM particles without phase change on the small size particles 

with phase change, the temperature of slurry was set to be below 318 K in this 

experiment. A 5.85 m horizontal stainless steel tube with internal diameter of 15 mm 

was used as the test section and it was heated by a DC electrical heater with a 

constant wall heat flux. The tube wall temperature and the pressure drop between the 

inlet and outlet were measured by the 20 T-type thermal couples and precision 
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manometer, respectively. The comparison between the slurries with only φ small = 0.2 

and with both φ small= 0.2 and φ big = 0.2 showed an increase in local Nusselt number 

of plural PCMs slurry due to microconvection effect. The results also indicated that 

the average heat transfer coefficient of the plural slurry flow was about 2-2.8 times 

greater than that of the water. 

2.1.5 Natural Convection Heat Transfer of Slurry in a Rectangular Enclosure 

 

Datta and Suberata (1992) experimentally investigated the natural convection heat 

transfer in an enclosure filled with MPCM slurry.  The test section used was a 

cubical enclosure with double lexan side walls and copper upper and lower walls. 

The particles used were microencapsulated Eicosane (C20H42) with melting point of 

37 oC and 30 % by weight of shell material and was suspended into a mineral oil of 

Mobiltherm-603 to form slurry. The parameters varied were the Rayleigh number, 

the particle volumetric concentration, the Stefan number and the particle size. The 

convective heat transfer was characterized in terms of the Nusselt number.   

 

Datta and Suberata (1992) showed that there was an enhancement of the Nusselt 

number compared with single-phase fluid case when the particle concentrations were 

lower than 5 %. However, the heat transfer coefficient steadily decreased for the 

slurry particle concentration beyond 5 %. The results also showed that the Nusselt 

number always increased with the increasing of Rayleigh number in all cases. The 

Stefan number was a dominating role on the heat transfer characteristics. When 

Stefan number was varied by the temperature between the top and bottom walls, the 

decreasing in the Rayleigh number caused the increasing in the Nusselt numbers. 

When the Stefan number was varied by varying the particle concentration, relation 
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between the heat transfer and the Stefan number was governed by the state of 

suspension and the flow mechanisms involved in. However, the effects of various 

particle sizes on the heat transfer characteristics have not been extensively 

investigated because only two particle sizes (50 μm and 300 μm) were used in their 

experiments. 

 

Inaba et al. (2003) conducted an experimental study on the natural convectional heat 

transfer characteristics of phase change emulsion in rectangular enclosures heated at 

the bottom and cooled at the top. The test section consisted of transparent acrylic 

plates (10 mm thick) as side-frame and two copper plates (10 mm thick) as top and 

bottom walls. The height of enclosure was varied from 5.5 to 24.6 mm and the width 

was fixed as 120 mm. The actual phase change emulsion was a mixture of paraffin, 

surfactant, and water with a particle mass fraction of 30 %, 5 %, and 65 % 

respectively.  

 

Inaba et al. (2003) generalized correlations to clarify the effects of both the aspect 

ratio of a rectangular enclosure and the particle concentration of the slurry on natural 

heat convection characteristics in the enclosure, based on the experimental results, 

which were given as 

For PCM in liquid phase,  

 

                                    ( )0.063 1/(3 1)0.22 1 2.7 AR n
mNu C e Ra− += −                                   (2.3)                      

 

With Ra=1.0×103 − 6.0×106, Cm = 0 −30 %, and AR=5.0−22.0. The deviation of 

model predicting the experimental data was ±4.2 %. 



 

 24

For PCM in phase changing, 

 

                                   ( )0.025 1/(3 1) 1/ 40.22 1 2.7 AR n
mNu C e Ra Ste− + −= −                          (2.4)               

 

With Ra = 5.0×102−2.0×107, Cm = 0 −30 % and AR= 5.0−22.0.The deviation of 

model predicting the experimental data was ±12 %. 

 

For PCM in solid phase,  

 

                                      ( )0.02 1/(3 1)0.22 1 2.0 AR n
mNu C e Ra− += −                                 (2.5) 

            

With Ra = 1.0×103−6.0×106, Cm=0−30 %, and AR = 5.0−22.0.The deviation of 

model predicting the experimental data was ±12 % 

 

A two-dimensional numerical study also has been conducted by Inaba et al. (2003) to 

obtain the fluid flow and natural convectional heat transfer characteristics of no-

Newtonian phase change emulsion in a rectangular enclosure. Simulation results 

showed that up to 30 % maximum enhancement in heat transfer performance could 

be obtained for the enclosure with phase change emulsion compared with those with 

single-phase fluid without phase change under the same flow conditions and system 

configurations. Based on the simulation results, a correlation was generalized as  

 

                                    ( ) ( ) ( )1/ 3.5 1 1.9 1.651.1 0.78 n nNu n Ra Ste+ − −= −                              (2.6)                       

 

With 0.8 ≤ n ≤ 1.0, 6×103 ≤Ra ≤ 2×106, Pr = 70-228 and AR = 10:1−20:1. 
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2.1.6 Heat Transfer of Phase Change Slurry in a Fluidized Bed 

 

Both numerical and experimental studies have demonstrated that the convective heat 

transfer coefficients of the phase change slurry in fluidized bed depended on the 

specific heat of particles which make up the fluidization media. On the other hand, 

due to the latent heat associated with phase change, the effective thermal heat 

capacity of slurry can be one or even several magnitude larger than the sensible heat 

capacity of the material. Therefore the phase change slurry may enhance wall-to-bed 

heat transfer rate in fluidized bed. 

 

Brown et al. (1998) investigated the MPCM heat-transfer media in gas-fluid beds. 

The phase change material used was n-octadecane which was encapsulated in a 

gelatin shell. The fluidized chamber consisted of a 45 mm diameter Plexiglas 

cylinder with air distributor at the bottom and an exhaust pipe at the top. An only 30 

% heat transfer enhancement for the slurry was found compared with single-phase 

fluid, which was much lower than the expected value of 85 % heat transfer 

enhancement. Brown et al. (1998) indicated that either the high resistance of gelatin 

or short particle residence time in fluidized bed may be responsible for present 

results. 

2.1.7 Energy Storage of Slurry by Direct Contact Heat Transfer Method 

 

Inaba (1996) introduced the idea of using direct heat transfer between the phase 

change emulsion and air. Compressed hot air was used as heat transfer media 

flowing through the phase change slurry as a form of air bubble, cooling was 

exchanged between the bubbles and the slurry efficiently without the requirement of 



 

 26

metallic heat exchange surface. The main test section consisted of a cylindrical 

vessel (89 mm inside diameter, 500 in height, 3.0 mm in thickness) with 49 air 

nozzles in diameter of 2.0 mm installed in the bottom. The phase change material 

used here was tetradecane (C14H30, latent heat ΔH = 229 kJ/kg and melting point Tm = 

278.9 K) with mean diameter of 3.4 μm, which was dispersed into water with added 

surfactant to form phase change emulsion. The correlation equation of Fourier 

number expressed as the function of nondimensional heat-release time for the 

sensible and latent heat, non-dimensional emulsion layer depth, Reynolds number 

and Stefan number was proposed as  

 

                                     5 *0.822 0.747 1.022.28 10 RelFo z Ste− −= × ×                                 (2.7)                

 

For φ =15.0–40.0 mass%, Tair,in=303.1–318.1K, Ste=0.86–4.42, z*=16.0–120.5 and 

Re=166-724. 

Table 2.1 Correlation equations of solidification of frozen oil droplet (Inaba and 

Sata 1997) 

Conditions  Correlation equations  Deviation

0.043<Ste<0.081    

Frozen oil column formed 
0.938 0.370/( Re ) 164pcSteθ −⋅ < 0.475 0.0547 0.102413 Re pcR Ste θ= ⋅ ⋅  6.2%±  

Normal injection 
0.938 0.370164 /( Re )pcSteθ −≤ ⋅ 0.754 0.165 0.1951880 Re pcR Ste θ−= ⋅ ⋅  7.3%±  

0.081≤Ste<0.13    

Frozen oil column formed  
0.602 0.135/( Re ) 17.5pcSteθ −⋅ < 0.0960 0.0484 0.16083.7 Re pcR Ste θ− −= ⋅ ⋅ 7.3%±  

Normal injection 
0.602 0.13517.5 /( Re )pcSteθ −≤ ⋅ 0.0720 0.0862 0.120187 Re pcR Ste θ −= ⋅ ⋅  3.1%±  
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Inaba and Sata (1997) presented a method to store latent cold heat by means of a 

direct-contact-freezing between oil droplets and cold water solution. The main test 

section is a vertical rectangular duct made of transparent acrylic resin plate of 10 mm 

in thickness and 100 mm2 in cross-section. During the test, the tetradecane (C14H30) 

oil was rejected from the nozzle at the bottom and the cold water was flowing 

downward at the top, therefore the solidification process of tetradecane completed by 

a direct-contact cooling with the cold water around them during ascending process. 

Based on the experimental data, the cold heat energy storage characteristics of 

tetradecane oil were generalized by correlation equations as given in Table 2.1. 

 

2.1.8 Applications of Phase Change Slurries 

 

Due to the enhanced heat transfer coefficient and larger heat capacity induced by the 

phase change slurries, they may have great potential use in the field of heat 

exchanger, microelectronic system and refrigeration, etc. 

 

Mulligan et al. (1996) investigated the application of MPCM slurry as the heat 

transfer medium in spacecraft thermal systems in order to achieve better thermal 

management and to further reduce the weight and volume of such kind of systems. 

The PCMs used here were n-octadecane, n-eicosane, n-heptadecane and n-

nonadecane, MPCM particles were combined with either water or silicone oil as the 

carrier fluid to form MPCM slurries. The microcapsules were approximately 83 % 

core material and 17 % shell material with the diameters in the range of 10-30 μm. 

The heat exchange system consists of a 1.1-m long straight copper tube with internal 

diameter of 6.1 mm as inner tube (heat source), and a 0.91-m-long double-pipe 
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copper heat exchanger with 6.0778-mm-i.d. as inside tube (heat sink). The heat 

source was heated by an electric heater with constant and uniform heat fluxes and 

heat sink was cooled by the secondary coolant fluid circulating through the shell. The 

results showed that enhancements of the heat transfer coefficient and effective 

thermal capacity, and the reduction of the system temperature were achieved.  

 

The technology of multichip modules offers several advantages including the 

reduced weight and size and the increased reliability and performance, but it causes 

the problem of the larger heat generation, Choi and Cho (2000) introduced the phase 

change emulsion to enhance the heat transfer and gave effective heat removal of such 

kind of systems. A commercial grade paraffin (C22H46), which has the melting 

temperature of 43.6 oC and latent heat of 175.6 kJ/kg, was mixed with distilled water 

and emulsifier to form the PCM emulsion. The size of PCM particle was in the range 

of 10-40 μm, which was controlled by the amount of the emulsion during the process 

of preparation. To facilitate the comparisons, two other kinds of single-phase heat 

transfer fluids were also used, namely, PF-5060 and water. The test section consists 

of a horizontal acrylic rectangular channel with aspect ratio of 0.2 (height 7.6 mm × 

width 38.1 mm) and a multichip modular with in-line 6×1 array of discrete heat 

sources, the multichip was flush-mounted on the top of rectangular channel. The heat 

flux, channel Reynolds number, and mass concentration of paraffin particles were 10 

- 40 W/cm2, 3000-2000, 0 – 10 %. 

 

Choi and Cho (2000) presented the heat transfer enhancement in terms of fanning 

friction factor, chip surface temperature and heat transfer coefficient. The results of 

friction factor for water and PF-5060 were found to be good agreement with standard 
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correlation for a single-phase fluid under two different heat fluxes of 10 and 30 

W/cm2, while the fanning friction factor for the slurry was smaller than those for 

either water or PF-5060. The chip surface temperatures for water were lower than 

those for PF-5060, for example, the chip surface temperature for water was 14.2-16.2 

oC lower than those for PF-5060 at a heat flux of 10 W/cm2, while the chip surface 

temperature for paraffin slurry was lower than that for water at the same heat flux. 

The chip surface temperature for paraffin slurry with a mass fraction of 5 % was 

11.2-11.4 oC lower than that for water at the same heat flux of 10 W/cm2. The local 

heat transfer coefficient for paraffin slurry was higher than that for either water or 

PF-5060 due to disruption of laminar sublayer by paraffin particles, the direct heat 

transfer due to the particle-wall impact and the role of the latent heat of the paraffin 

particles. Finally, an empirical correlation was proposed to account for the heat 

transfer characteristics of the slurry at the first and sixth flows of the heat sources 

based on the experimental data, which was given as 

 

                                                    ( )0.051/3Re Pr /m
s f f sNu C μ μ=                               (2.8)                        

where the values of C and m are constant, which were presented in Table 2.2. 

 

Following the previous work, Choi and Cho (2001) also investigated the aspect ratio 

of rectangular channels on the heat transfer and hydrodynamics of paraffin slurry 

flow. The fanning friction factors for both water and 5 % paraffin slurry increased 

with the aspect ratio of a rectangular channel, while the friction factors for paraffin 

slurry were smaller than those for the water. The influence of the aspect ratio of the 

rectangular channel on the local heat transfer coefficients for both water and the 

paraffin flurry at a high heat flux of 40 W/cm2 was higher than those at a low heat 
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flux. The most efficient cooling performance, which was independent of the heat flux 

and the channel Reynolds number, was found for the paraffin slurry with a mass 

concentration of 5 % for a rectangular channel with the aspect ratio of 0.20. 

 

Table 2.2 Values of coefficient in Equation (2.8) (Choi and Cho 2000)  

Heat flux, W/ cm2 Mass concentration, % Row no. C m 

10 0 1 0.083 0.692 

  6 0.089 0.662 

 5 1 0.057 0.746 

  6 0.047 0.747 

30 0 1 0.099 0.694 

  6 0.086 0.698 

 5 1 0.062 0.766 

  6 0.059 0.760 

 

2.2 Review of Cooled Ceiling Systems 

2.2.1 Introduction 

 

Since late 1970s, HVAC design engineers have been seeking systems that provide 

higher ventilation effectiveness than the conventional ‘full-mixed’ air distribution 

concept. Researchers in Scandinavian countries introduced the concept of supplying 

fresh air with DV system, to sweep away foul air in the buildings (Skaret 1987). 

However, it was found that DV created a too large vertical temperature difference 

between foot and head height, causing thermal discomfort at high cooling load 
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condition (Sandberg 1989). Therefore, initial interests in CC system stemmed from 

the possibility of combining CC with DV to improve the building thermal comfort 

performance. With combined CC and DV system, DV system provides the high 

quality indoor air quality by small amount of fresh air for ventilation purpose at very 

low flow velocity. And CC system removes the additional sensible heating load with 

large surface by both radiation and convection. Thus, the task of ventilation and 

cooling is separated by using the combined DV and CC system. 

 

Most CC systems circulate water as a heat transfer medium for cooling. Due to the 

physical properties of the water, the energy consumption of CC systems removing a 

given amount of heat by water circulation is much lower than the all-air systems 

removing the same amount of heat by the air circulation. Because of the large heat 

transfer surface of the CC systems, the temperature difference between the air and 

the ceiling panel surface is very small, the small temperature difference allows for 

using the chiller with a higher COP, which further reduces the energy consumption 

of the HVAC system. By supplying the fresh air needed only for the ventilation, the 

volume and velocity of the air circulating in the space are significantly reduced, and 

the draft problem that causes discomfort in the room is then eliminated.  The small 

volume and velocity of the air circulation also allow for using very small air handling 

and transporting unit. Because of these advantages, CC systems are now used in 

many European countries (Wilkins and Kosanen 1992). In addition, the noise 

associated with fan coil or induction unit is eliminated with the combined system of 

DV and CC. 
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2.2.2 Thermal Comfort and Air Quality 

 

CC systems provide a high thermal comfort with lower energy consumption, while 

DV system offers good air quality and high ventilation efficiency. A combined CC 

and DV system may provide the possibility of enhanced thermal comfort and energy 

efficiency. Several numerical and experimental investigations have been carried out 

to study the effect of the interactions between the CC and DV systems.  

 

Niu and Kool (1994) investigated the thermal comfort and ventilation effectiveness 

of three typical air conditioning systems, namely, a conventional DV system, an air-

type CC system and a water type CC system combined with a DV system. The CFD 

simulation results indicated that the CC system can significantly increase the cooling 

capacity of the DV system. Thermal comfort and ventilation effectiveness of the 

combined water-type CC and DV system at the cooling load of 50 W/m2 were almost 

equivalent to those of a displacement ventilation system at the cooling load of 25 

W/m2.  

 

Vangtook and Chirarattananon (2006) made an experimental study about the 

applications of CC system in Thailand, which represents a hot and humid climate. 

Experiments were conducted in an experimental room over the hot and dry period of 

March, the humid period of May and the cool period of December. The results 

confirmed that the radiant cooling can be used to achieve good thermal comfort in 

hot and humid climate like Thailand.  

 

The current design standard BS EN ISO7730 is based on the work of Fanger (1970) 

and essentially comprises a steady-state human heat balance model to predict the 
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sensation of human thermal comfort for a given set of thermal conditions. A 

combined CC and DV system represents a more sophisticated environment compared 

with the original conditions in which the Fanger model was derived. This raised a 

question about the applicability of current standard to the thermal comfort of a room 

equipped with a combined CC and DV system. Loverday et al. (2002) sought to 

answer the above question in their experimental investigation. Thermal comfort 

measurements involving 184 human test subjects were made in a environmentally 

well-controlled test room that simulated an office room fitted with a combine CC and 

DV system. The reported thermal comfort sensations were compared with the values 

predicted from BS EN ISO7730 over a range of system operation conditions. It was 

found that the current standard BS EN ISO 7730 was valid, without modification, for 

the prediction of thermal comfort sensations of sedentary occupants in an office 

room equipped with a combined system of CC and DV. 

 

Air movement plays an important role among the factors influencing comfort when 

the room was equipped with the CC system. Kitagawa et al. (1999) investigated 

effects of small air movement on the human bodies. The experiments were 

performed in a climate chamber equipped with radiant cooling panels. The test 

subjects were seated on a chair under the radiant cooling panels and voted their 

sensations. They reported that the small air movement at 0.1-0.3 m/s under cooled 

ceiling panels could improve thermal comfort for the occupants.  

 

For the combined CC and DV system, a vertical temperature should exist because the 

air is supplied at floor level and exhausted at ceiling level and the cooled ceiling 

panels with lower temperature than the air temperature provides the additional 
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cooling load. Hodder et al. (1998) presented the findings from a broader 

investigation to determine thermal comfort conditions for combined CC/DV 

ventilation environments. A typical CC/DV office was built in a laboratory test 

room, in which the ceiling temperature can be varied over a range of typical 

operating values. The thermal comfort of eight female test subjects was then 

measured in a test room over the range of the ceiling temperatures. Vertical 

temperature asymmetry was found to have an insignificant effect on the overall 

thermal comfort of the seated occupants in the typical range of ceiling temperatures 

that would be encountered in such combination environments in practice. There was 

a slight trend for the reported sensation of ‘freshness’ to increase as ceiling 

temperature was reduced though this required further study. They concluded that 

existing guidance regarding tolerant of radiant asymmetry was valid for thermal 

comfort design of combined CC and DV environments. Imanari et al. (1999) tested 

thermal environment and human response by using a small meeting room equipped 

with radiant ceiling panels. The responses were collected by questionnaires given to 

the male subjects in the room. Results showed that the radiant ceiling system was 

capable of creating smaller vertical variation of air temperature and a more 

comfortable environment than the conventional all-air systems.  

 

Due to the downward conventional heat flow induced by the cold CC and upward 

ventilation air flow produced by the DV, the airflow patterns of the space with 

combined CC and DV are different from the one with only CC system. Fredriksson 

et al. (2001) made an experimental investigation of the airflow pattern and velocity 

of an office room fitted with cooled beams. The qualitative information was obtained 

by visualization. The results showed that the airflow from the chilled beam had the 
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behaviors similar to a two-dimensional plume but exhibited strong oscillation in both 

sideways and along the chilled beam. And these oscillations might cause a sensation 

of draught in the room. Rees et al. (2001) calculated the flow and heat transfer in a 

typical office room equipped with a combined CC and DV system. They reported 

that the flow became quasi-periodic in nature with high values of internal loads (45 

and 72 W/m2 of floor area). 

 

Due to the complex interaction between CC and DV systems, the design of a 

combined CC and DV system with high thermal comfort and air quality is much 

more difficult than the design of a single CC or DV system. Therefore, proper design 

guidelines should be proposed for the design of a combined CC and DV system. 

Behne (1999) made an investigation to examine the distribution of trace gas in a test 

chamber equipped with a cooled ceiling. They found that the portions of cooling load 

removed by both of the components have to be adjusted properly in order to obtain 

good results of thermal comfort and air quality. For office buildings, cooling load 

removal by the displacement ventilation should occupy for 20-25 % of the total 

cooling load of a room. When cooling load is exceeding the design conditions, the 

cooling capacity of DV system should not be increased to maintain comfort 

continuously, otherwise, mixing air quality is very likely to occur, and the air 

contaminant removal efficiency will be significantly decreased.  

2.2.3 Energy Efficiency 

 

The use of combined CC and DV systems provide the possibility of the energy 

saving of the buildings. The tasks of ventilation and thermal conditioning of building 

are separated by using the combine CC and DV system, the amount of air circulating 



 

 36

through the building is therefore significantly reduced. Feustel and Stetiu (1995) 

reported the electrical consumption of fans and pumps for a combined CC and DV 

can be reduced to approximately 25 % of the fan energy consumption for a 

conventional all-air system. If considering the higher COP of chiller to produce the 

higher temperature of the chilled water, the energy consumption of the system can be 

further reduced.  

 

Due to the cost expensive and time consuming to perform hourly measurements of 

energy consumption, most of energy consumption analyses for the combined CC and 

DV system were performed by the numerical simulations.   

 

Niu et al. (1995) presented the cooling load dynamics of a room with a water-type 

panel CC system. The enhanced dynamic thermal analysis program ACCURACY 

was used to calculate the cooling load and annual energy consumption. The 

numerical simulation was made for rooms with either combined CC and DV systems 

or variable air volume (VAV) system based on the typical Dutch climate data. The 

internal heating load of 44 W/m2 of floor area was used in the study. Results 

indicated that a CC system can save much of the fan energy required in a VAV 

system. However, they also pointed out that the annual energy consumption of a 

combined CC and DV system is not substantially different from that of a VAV all-air 

system due to the more chiller energy consumption of CC system.  

 

Stetiu (1999) made a parametric study to estimate the energy and peak power saving 

potential of radiant cooling system. The radiant cooling system was built in 

RADCOOL and all-air system was created in DOE-2. The simulations were done for 
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a radiant cooling system and all-air system at different locations in US. The results 

indicated that a radiant cooling system can be operated in any US climate with low 

risk of condensation. For office spaces, employing a radiant cooling system can save 

average 30 % of energy consumption and 27 % of peak power demand relative to the 

conventional all-air systems. The saving potential is climate-dependent and is higher 

in hot and dry climates. Numerical simulation made by Imanari et al. (1999) also 

indicated the energy consumption of building equipped with the combined CC and 

DV systems can be saved by 10 % compared with those fitted with conventional all-

air systems, and all the simulations were based on the climate of the Tokyo area.  

 

Sodec (1999) calculated the energy cost of a VAV system and a combined CC and 

DV system by applying the numerical simulation program TRNSYS. The results 

showed that there was a break even point of specific cooling load of 45-55 W/m2 of 

floor area. With higher cooling loads, the combined systems were more economical 

than the VAV system. Compared with the combined CC and MV (mixing 

ventilation) systems, the combined CC and DV systems consumed higher annual 

energy consumption without considering the thermal comfort and ventilation 

efficiency. Sodec (1999) obtained about 17 % higher energy consumption of a room 

with the combined CC and DV systems than that with CC and mixing ventilation 

(MV) systems. The main reason is the higher supply air temperature of DV systems. 

 

In general, the difference in energy consumption of a VAV system and a combined 

CC and DV system is a function of supply air temperatures, outdoor air flow rate, 

cooling loads and local climate conditions (Novoselac and Srebric 2002). A 

combined CC and DV may or may not save the energy.  
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2.2.4 Energy Saving Techniques 

 

The features of a combined CC and DV system make it possible to exploit energy 

saving techniques, i.e. ground water cooling, evaporative cooling, desiccant cooling 

and thermal storage system. Several investigations have been carried out to evaluate 

application feasibility and energy efficiency to employ the energy saving techniques 

for the combined system. 

 

A CC system usually operates with relatively high chilled water temperatures of 14-

20 oC, which make it possible to use low cost cooling energy alternative to 

mechanical refrigeration, such as ground cooling, evaporative cooling, to reduce the 

energy consumption of the building air-conditioning systems.  

 

The temperature of ground water is quite stable, usually between 9 oC and 12 oC all 

year around. Therefore, it can be used as cooling water circulating in the CC systems 

without the need for any mechanical refrigeration. Although the ground water 

cooling appears to have great potential for the combined CC and DV system, 

however, the geological, structural and legal prerequisites must be reviewed before 

the system was installed (Alamdari et al. 1998). 

 

Evaporative cooling technology attempts to generate cooling water at a temperature 

which closely approaches the wet bulb temperature. A crucial feature of the 

evaporative cooling is the low temperature difference between the water existing 

temperature from the cooling tower and the ambient wet bulb temperature (approach 

temperature). Recent research demonstrated that it is technical feasible for the 

evaporating cooling to generate cooling water at a temperature of 3 oC above the wet 
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bulb temperature (Costelloe and Finn 2003). The typical summer weather for Urumqi 

is a dry bulb temperature of 26.7 oC and a corresponding wet bulb temperature of 

16.7 oC (ASHRAE 1997), which is possible to generate the cooling water of 19.7 oC 

to use in the CC systems.  

 

Gan and Riffat (1999) used a numerical technique to evaluate the performance of a 

closed wet cooling tower to produce cooling water (18-20 oC) for the CC system.  

The CFD technology was applied for the two-phase flow of gas and water droplets in 

their study. The Eulerian approach was used for the gas phase flow and the 

Lagrangian approach for the droplet phase flow, with two-way coupling between two 

phases. The predicted temperature values at inlet and outlet of the heat exchanger 

were validated by the experimental data. The numerical simulation indicated that 

CFD technology was suitable for the optimization of the design and operation of the 

cooling tower for CCs. Riffat et al. (2000) used the previous CFD technology to 

predict the thermal performance of the cooling tower. It was shown that efficiency of 

cooling tower increased with the air flow rate and decreased with the increasing of 

water flow rate. And the cooling tower efficiency increases slightly with the 

increasing of wet bulb temperature of the supply air.  

 

Besides the detailed model used by CFD approach, correlation based models are also 

useful to design and predict the performance of the cooling tower used for the CC 

system in buildings. Facão and Oliveira (2000) designed a new closed wet cooling 

tower used for CC systems. Correlations for heat and mass transfer coefficients were 

obtained by using experimental data. It was shown that the existing thermal models 
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using new correlations can give good, or even better, than the results when the 

detailed models were used for CFD approach.  

 

Costella and Finn (2003) quantified the evaporative cooling availability for a 

northern and southern European city, Dublin and Milan, using a method of analyzing 

meteorological reference year data. The results confirmed a major potential for the 

generation of cooling water by evaporative means, which can be used to provide 

effective cooling for modern buildings equipped with water-type CC systems. They 

pointed out that the evaporative cooling offers significant potential to generate 

cooling water used for CC system in some southern European cities during the non-

summer months and also during other periods.  

 

Several investigators analyzed the energy saving potential of CC system combined 

with the evaporative cooling tower by using dynamic thermal analysis programs. Niu 

et al. (1995) investigated the possibility of eliminating vapor compression 

refrigeration energy consumption by using a large size cooling tower in combination 

with large areas of ceiling panel installations. The hourly temperature variations and 

heat extractions by mechanical cooling and evaporative free cooling were calculated 

by the dynamic thermal analysis program ACCURCY based on the Dutch reference 

year data. The simulation results confirmed the potential to use the combination of 

CC with evaporative free cooling with high thermal comfort. Vangtook and 

Chirarattananon (2007) investigated the applications of the combined system of CC 

and cooling tower for residential cooling at nighttime period in Thailand, which 

represents a hot and humid climate. The whole year simulation was done by using 

TRANSYS computer code. The cooling water from the cooling tower supplied for 
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radiant ceiling panels was found to be sufficient to achieve thermal comfort in the 

nighttime.  

 

To avoid moisture condensation on the surface of CC, the air dew-point temperature 

should be controlled below the surface temperature of the ceiling panels. In order to 

satisfy this requirement, the outside air is usually dehumidified by an AHU before it 

is distributed to the space, which results in large amount of energy consumption of 

the system. The dehumidification is therefore a particular important process when 

CC systems are applied in hot and humid climate like Hong Kong. Niu et al. (2002) 

proposed a combined system of CC and desiccant cooling to maintain the indoor air 

humidity within a comfortable zone and to reduce the risk of water condensation on 

chilled panel surfaces in Hong Kong. To evaluate the system performance and the 

energy saving potential, four systems, namely, combined system of CC and desiccant 

cooling, all-air system, all-air system with total heat recovery and CC with a 

conventional AHU, were evaluated for a typical office room in Hong Kong by using 

a validated building energy simulation code ACCURACY. The simulation results 

indicated that CC combined with desiccant cooling could save up to 44 % of primary 

energy consumption in comparison with a conventional constant volume all-air 

system. Recently, a numerical investigation done by Hao et al. (2007) also assessed 

the energy saving potential of a combined system of CC and desiccant cooling, and 

the mathematical model simulated a typical office building in Beijing. They 

concluded that the combined system saved about 8.2 % total primary energy 

consumption in comparison with a conventional all-air system.  
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A hybrid system, which was a combination of radiant cooling and low temperature 

air conditioning with ice storage system, was suggested by Matsuki et al (1999). The 

results of calculations showed that ice storage made the effect of dehumidification 

higher and prevented from the occurrence of condensation. It was also expected to 

decrease peak electricity demand and annual electricity consumption due to the 

reduction of electricity consumption of the fan.  

 

2.2.5 Condensation Prevention 

 

Condensation starts to form on the surfaces of the panel and pipe surface when the 

panel surface temperature falls below the room air dew point temperature. The 

concern of twofold-drips from the panels could damage items below, and 

condensation, even in small quality, eventually may lead to microbial growth 

(Mumma 2005). Condensation is therefore the main concern expressed when cooled 

ceiling panels are considered for sensible heating removal. According to the previous 

investigations, the risk of condensation can be avoided by using appropriate control 

strategies. 

 

Butler (1997) concluded that the ceiling panel surface temperature should be kept at 

least 1-2 oC higher than the entering chilled water temperature in order to avoid the 

risk of surface condensation. The control strategies he devised were: (1) using 

condensation detectors on the chilled ceiling surfaces to switch off the chilled water 

flow if condensation has been detected, which could lead to the loss of cooling when 

it was the most need; (2) dehumidifying the fresh air supply before supplying to the 

space, which results in more cooling and reheating; (3) controlling the chilled water 
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flow temperature to keep it above the dew point temperature of the room air, which 

could limit cooling output in hot days. 

 

In BSRIA research Andrew and Farshad (1997) examined condensation control 

performance in a practical system, where three condensation detectors were fitted to 

the chilled water pipe surface to detect the formation of the condensation. The 

control strategies they applied were similar to the three strategies devised by Butler 

(1997). The test results demonstrated that the dehumidification of the air to maintain 

a low dew point temperature is the most effective method of avoiding the 

condensation. The maximum cooling from the CC and the supply air is always 

available even though dehumidification by the latent cooing of the supply air is 

energy intensive.  

 

Mumma (2003) applied condensation control in a historic building with a large area 

of the movable sash equipped with CC panels. Two control strategies were proposed: 

(1) for small- or single-zone applications, a constant flow and variable control is used 

to avoid condensation, the zone dew point temperature is monitored and chilled 

water inlet temperature is controlled by mixing return water with low temperature 

chilled water; (2) for large multizone applications, a variable flow and constant 

temperature is applied, which results in a low first cost installation. In this case, the 

controls attempted to maintain the desired space dew point temperature and modulate 

the chilled water flow to meet the required sensible load. The field test showed that 

condensation control can be achieved easily, even when space dew point temperature 

elevated by opening all of the doors and windows of the room.  
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2.3 Summary 

 

The experimental and numerical investigations on the heat transfer characteristics of 

PCS in different heat exchangers, such as circular pipes, rectangular enclosure, 

coiled double-tube heat exchanger and direct-contact heat exchanger, are 

summarized in this chapter. All previous researchers showed that the PCS can 

significantly improve flow-to-wall heat transfer coefficient of pipe flow under both 

laminar and turbulent flow conditions. The Stefan number, particle concentration, 

particle size, initial degree of subcooling and the phase change range are the 

dominating parameters which affect the heat transfer enhancement of PCS, while 

other parameters, such as sensible heat capacities of PCM particles and carrier fluid,  

have little effect on the heat transfer behaviors. Some empirical correlations to 

describe the heat transfer coefficient in rectangular enclosure in terms of Rayleigh 

number are also presented. In order to increase the cold storage efficiency, the novel 

cooling charge approach for PCS by direct-contact heat exchanger method is also 

reviewed in this chapter. 

 

There are no practical applications of PCS which have been found in the literature. 

Two case studies are introduced in this chapter, one was made for the temperature 

regulation of spacecraft thermal systems, and another was implemented for the heat 

removal of the multichip modular. 

 

The review of the researches into CC and DV have been comprehensively made in 

terms of thermal comfort, air quality, energy efficiency, energy saving techniques 
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and condensation prevention. Base on this classification, the following conclusions 

have been drawn:  

• DV system offers good air quality and high ventilation effectiveness, CC 

system increase the cooling capacity of the DV system. A combined CC and 

DV would produce better thermal comfort than conventional air conditioning 

system, e.g. VAV, CAV. A combined system could reduce the vertical 

temperature gradients while maintaining ventilation efficiently. A better 

comfortable condition therefore could be achieved. The Existing comfort 

standard, BS EN ISO7730 was valid, without modification, to predict the 

thermal comfort sensations. 

 

• The use of combined CC and DV systems separate the tasks of ventilation 

and thermal conditioning of building, the amount of air circulating through 

the building is therefore significantly reduced, which results in the reduction 

of energy consumption of the fan and size of the air supply system. 

 

• The operating characteristics of a CC system make it possible to exploit the 

possibility of using energy saving techniques. A number of systems, i.e. the 

combined system of CC and ground cooling, the combined system of CC and 

evaporative cooling, the combined system of CC and desiccant cooling and 

combined system of CC and ice storage were introduced, and all of them 

showed good energy efficiencies.  

 

• There are several possible ways to prevent the condensation on the ceiling 

panel surfaces, i.e. controlling water flow temperature, controlling water flow 
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rate and dehumidifying the ventilation air before sending to the occupied 

space.  
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Chapter 3  

MPCM Slurry Fundamentals 

3.1 Phase Change Material Slurries 

 

Phase change slurries are classified into MPCM slurries and phase change emulsions. 

This section deals with the preparation methods of phase change slurries and 

appearance of the material. 

 

MPCM slurry is made by microencapsulating a fine phase change material particle 

with a thin film as shell and dispersed into an aqueous solution as a carrier fluid; the 

core material is thereby always separated from the carrier fluid, which prevents the 

coagulation or agglomeration between PCM particles. There are a variety of 

techniques, both chemical and physical, two main preparation techniques to prepare  

 

Figure 3.1 a. optical micrograph and b. scanning electron microscopy 

photograph of the microcapsules 

 

MPCM slurry in practice are interfacial polymerization (Cho et al. 2002, Yang et al. 

2003) and spray-drying (Hawlader et al. 2003). However, the selection from these 
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techniques is quite dependent on the materials of cores and shells, capsule sizes and 

shell thickness, specification of microcapsules, etc (Yamagishi et al. 1996). An 

optical and a SEM photograph of microcapsules using octadecane as core material 

are showed in Figure 3.1.  

 

 

Figure 3.2 Appearance of MPCM slurry developed by us 

                                                                  

The original MPCM slurry of this study was prepared via an interfacial 

polymerization micro-encapsulation process and consisted of microencapsulated 1-

bromohexadecane (C16H33Br) particles suspended in pure water. The appearance is 

shown in Figure 3.2. The MCPM particles used industrial-grade 1-bromohexadecane 

(Tm = 14.3 oC, ΔHm = 160 kJ/kg) and 1-hexedacane (Tm = 18.1 oC, ΔHm = 220 kJ/kg) 

as core materials and Amino Plastics as shell material, respectively. The core-shell 

mass ratio was controlled to about 7:1 during the microencapsulation process. By 

diluting the original MPCM with pure water, the less concentrated MPCM slurries 

could be easily obtained. 
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The size distribution of microencapsulated PCM particles was measured by a particle 

characterization system (Malvern Instrument Ltd., Malvern Mastersizer 2000). 

Figure 3.3 shows the cumulative particle size distribution of the in logarithmic form. 

The microencapsulated PCM particles ranged from 2.0 to 31.7 µm and the 

volumetric average diameter was 10.1µm. The MPCM particles are evenly 

distributed around the size of 10.1µm. 
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Figure 3.3  Microencapsulated PCM particle size distributions 

 

3.2 Physical Properties 

 

The physical properties of solid-liquid slurries without phase change are very 

complex, while the properties of solid-liquid slurries associated with phase-change 

are much more complex than those of single-phase fluid. Flow and heat transfer 

characteristics are associated with the following phase change slurry dependant 

properties: density, viscosity, thermal conductivity, supercooling degree, 

melting/freezing point and latent heat of fusion. These properties depend on the type 



 

 50

of PCM and its carrier fluid, on the particle concentration, and on the flow 

parameters of the slurry.  

 

3.2.1 Density and Heat Capacity 

 

Since the presence of particles in the fluid, the slurry has the different physical 

properties from the single-phase fluid. The modified so called ‘effective properties’ 

of the slurry are commonly introduced. The effective density and the specific heat 

capacity of the slurry can be calculated by weighted fraction of the densities of the 

PCM, the coating material and the carrier fluid based on the mass and energy balance 

(Charunyaorn et al. 1991). 

                                                                    
8
7
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p

d
d

ρ
⎛ ⎞
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                                                  (3.1) 

 

                                                          ( )
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/ 1 /b
p p p fw w

ρ
ρ ρ

=
+ −

                                      (3.2) 

                                                                

                                                                , , ,p b p p p w p wC w C w C= +                                          (3.3) 

 

where ρp is the density of the PCM particles, dp the diameter of the MPCM particles, 

dc the diameter of the PCM particle core, ρb bulk average density of the MPCM 

slurry, wp mass fraction of the MPCM particle in the slurry, Cp,b bulk average heat 

capacity of the slurry, Cp,p specific heat capacity of the MPCM particle, Cp,w specific 

heat capacity of the water.  
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3.2.2 Thermal Conductivity  

 

As discussed in Chapter 2, phase change slurry exhibits superior heat transfer 

characteristics compared with conventional single-phase heat transfer fluids. One of 

the reasons is that the suspended particles significantly increase the thermal 

conductivity of the slurry. Research showed that the thermal conductivity of phase 

change slurry is strongly depended on both the particle concentration and 

particle/fluid interactions (Sohn and Chen 1981). So far it has been unsolved problem 

to develop a sophisticated model to predict thermal conductivity of phase change 

slurries, although there are some empirical correlations to calculate the effective 

thermal conductivity of solid-liquid slurry flow without phase change. Maxwell 

(1954) may be one of the first investigators to theoretically relate the effective 

conductivity of a dilute stationary suspension of solid spheres by the properties of the 

individual spheres and the concentration of the spheres in the slurry. His well-known 

relation is given by  

 

                                       
2 / 2 ( / 1)
2 / ( / 1)

eff p f p f

f p f p f

k k k k k
k k k k k

φ
φ

+ + −
=

+ − −
                                      (3.4)   

             

where keff is the effective thermal conductivity of the suspension, kp and kf are the 

thermal conductivities of the dispersed particle and the base fluid, respectively. 

 

Jeffery (1973) has extended the work of Maxwell to the second-order terms in the 

volume fraction for ‘well stirred’ random suspensions of spheres, the expression was 

given as 
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                                         With ( ) /( 2 )p f p fk k k kβ = − +                                           

Several investigators have also studied sheared-enhanced diffusive transportation 

through the suspensions, where the effective thermal conductivity of suspension 

depends on not only the material properties but also the flow parameters. The 

importance of such microscopic convection effects is governed by the magnitude of 

an additional parameter, the Peclect number. 

 

                                                  2 /p fPe ed α=                                                          (3.6)                      

 

Where e is the mean shear rate, d, the characteristic particle diameter, fα , thermal 

diffusivity.  

 

Leal (1973) theoretically calculated the effective conductivity of a dilute suspension 

with low particle Peclect number and obtained the following relation, 

 

                             ( )( )2 3/ 21 3.0 3.0 0.14 1.176eff
p

f

k
Pe

k
φ β β β= + + − +                     (3.7)              

 

We note the limiting case for the equal solid and liquid conductivities, 0β = , then 

Equation (3.7) reduces to:        

                                                        3/ 21 3.0eff
p

f

k
Pe

k
φ= +                                           (3.8)                        
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The thermal conductivity of shared suspensions at high Peclect number was derived 

by Nir and Acrivos (1976), according to their analysis the effective conductivity of 

dilute suspension as Pe →∞was given by,                     

                                                      1/111eff
p

f

k
A Pe

k
φ= +                                               (3.9)                       

where A is a constant, it may be determined experimentally. 

 

Sohn and Chen (1981) studied thermal conductivity of sheared liquid-solid mixtures 

by using Couette flow apparatus. Their experimental results indicated that the 

dispersed two-phase flow exhibited a higher effective thermal conductivity as the 

consequence of microconvection. Based on their experimental data, the following 

correlation was proposed: 

                                                      ( ),...eff n
p

f

k
f Pe

k
φ=                                            (3.10)                     

where f is an undetermined function.  

They observed that the thermal conductivity enhancement factor is a function of the 

1/2 power of Peclect number for Peclect number from 300 to 2500. 

  

Based on the Equations (3.8)-(3.10), Charunyaorn et al. (1991) proposed a general 

correlation to describe the effective thermal conductivity for dispersed solid-liquid 

slurry flow, which was given by 

                                                    1eff m
p

f

k
B Pe

k
φ= +                                                   (3.11)            

The exponent m is the constant, which can be determined by 

 



 

 54

                     

1.5 3.0 0.67

0.18 1.8 0.67 250

1/11 3.0 250

p

p

p

m and B when Pe

m and B when Pe

m and B when Pe

⎧⎪ = = ≤⎪⎪⎪ = = < ≤⎨⎪⎪⎪ = = <⎪⎩

                                              

 

3.2.3 Melting/Freezing Point and Latent Heat of Fusion 

 

For the thermal behavior analysis of the MPCM particle and the PCM candidates, a 

Perkin-Elmer differential scanning calorimeter (model DSC-7) equipped with a 

thermal analysis data station was used. Nitrogen (99.999% purity) was used as purge 

gas at the rate of 20 mL/min. The instrument was calibrated using indium (melting 

point Tm = 156.6 oC; latent heat of fusion ∆Hm = 28.45 J/g). The temperature and 

enthalpy owing to the heating rate was corrected by calibrations of the different 

heating rates. The calorimeter was calibrated according to the standard procedures 

described in the user’s manual issued by the manufacturer.  

 

Samples of less than 10 mg were weighted with error of 0.01 mg and put into 

hermetically sealed aluminum pans. An empty, hermetically sealed, aluminum pan 

was used as the reference, and prior to the analysis of samples, the baseline was 

established with the reference pan. Experimental factors such as the scanning rate, 

melting temperature range and holding time were selected carefully. An effort was 

made to ensure that the all samples started from the same initial ‘standard’ state. In 

the DSC procedure, this ‘standard’ state can be conveniently obtained by cooling the 

‘erased’ melt at a determined cooling rate down to some temperature below the 

normal crystallization range. In order to erase its former history, the sample was 

heated above the melting point. The samples were subjected to the following 
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temperature program (taking the sample of C16H33Br for an example): the sample 

was melted at 14.3 oC, and held for 5 min at temperature of 22 oC before cooing to  

-15 oC at a scanning rate of 5 oC/min. The sample was held at the temperature of -15 

oC for 5 minutes before heating to 22 oC. Perkin Elmer software (7 series/UNIX DSC 

software library; Perkin Elmer, 1995) was used to analyze and plot the thermal data. 

   

 

Figure 3.4 DSC results of microencapsulated C16H33Br 

 

DSC measures thermal properties of the sample as a function of temperature and 

offers quick information on the total measuring process. Figure 3.4 and 3.5 show the 

DSC results of microencapsulated C16H33Br and C16H34 particles at heating/ cooling 

rate of 5 oC/min. The characteristic temperatures from DSC measurements are the 

extrapolated onset temperature (To), the extrapolated end temperature (Te) and peak 

temperature (Tp). To is defined as the intersection between the tangent to the 

maximum rising slope of the peak and the extrapolated sample baseline. The latent 
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heat of fusion of a sample is estimated by the area of a DSC curve. Theoretically, the 

latent heat of fusion can be calculated by the following equation: 

 

                                                   2

1

t

m t

QH dt
t

δ
δ

⎛ ⎞Δ = ⎜ ⎟
⎝ ⎠∫                                               (3.12) 

 

where /δ δQ t  is the heat flow imposed to sample by DSC in unit W/g and t is the 

time. The software automatically calculates the total peak area, namely the latent 

heat of fusion of a sample. 

 

 

Figure 3.5 DSC results of microencapsulated C16H34 

 

Another index to characterize a PCM candidate is the supercooling degree, which 

defined as the temperature difference between the onset temperature of melting and 

onset temperature of the freezing in the DSC curves. In practical applications, it is 

expected that the supercooling degree is as small as possible. In Figures 3.4 and 3.5, 
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it is found that the supercooling degrees of micro-C16H33Br and micro-C16H34 are 

10.0 oC and 2.7 oC, respectively. 

 

As depicted in Table 3.1, micro-C16H34 has a relatively high latent heat of fusion and 

a low supercooling degree for district cooling applications. As a result, C16H34 is 

more suitable as a PCM candidate than the C16H33Br. However, due to the 

unavailability of the micro-C16H34 in our first stage of the research, the experimental 

investigations of rheological behaviors and heat transfer characteristics have been 

made only for the micro-C16H33Br slurry.  

Table 3.1 Thermal properties of micro-PCMs based on DSC results 

Phase change 
material 

 

Latent heat of 
Fusion (J/g) 

Onset point 
of melting (oC) 

Onset point 
of freezing(oC) 

Supercooling 
degree (oC)  

C16H33Br 129.8 14.3 4.3 10.0 

C16H34 
 

174.1 15.9 13.3 2.6 

 

3.3 Rheological Behaviors  

3.3.1 Viscosity Measurements of MPCM Slurry 

 

Homogeneous suspensions are frequently described as single-phase isotropic fluid 

with modified rheological behavior. Instead of the viscosity of the fluid, ηl, a 

modified so called ‘effective viscosity’ of the slurry, effη , is commonly used. Many 

different models have proposed for the viscosity of the solid-liquid slurries. Most of 

them essentially extended the work of Einstein (Barnes et al. 1989) which has been 

done for the slurry with particle mass fraction lower than 0.01, 
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                                                    ( )1 2.5eff

l

η
φ

η
= +                                                   (3.13) 

where φ  is the mass concentration of MPCM particles suspended in the slurry. 

 

Equation (3.13) does not consider the effect of particle to particle interaction, 

however, under shearing motion of the liquid the particles move relative to each 

other and collisions occur. One of the most frequently used equation for the viscosity 

of suspensions, which takes not only the concentration of the solid phase, but also the 

interaction between the particles into consideration, was the extension form of 

Equation (3.13) by Vand (1945).  

                                                     ( ) 2.521s

f

Aη φ φ
η

−
= − −                                                  (3.14) 

The constant, A, which quite depends on the size, the shape and the type of the 

particles, can be determined experimentally. Vand’s model is valid for particle 

concentration up to 37 %. It considers that the slurry flow is homogenous.  

 

Equations (3.13) and (3.14) describe the viscosity of homogeneous Newtonian 

suspensions, their behaviors are assumed to comply with Equation (3.15), which 

relates yield stress (τ ) with the shear rate (γ ), 

                                                    eff eff
d
dr
ντ η η γ= =                                               (3.15)           

Absolute viscosity is an important physical property that influences the design of 

heat transfer equipment and pump characteristics. A temperature-controlled Paar 

Physica MCR 300 Rheometer (Paar scientific Ltd.) was used to measure the apparent 

viscosity and rheological behaviors of the slurry. A typical rheometer consists of a 

rotating cylinder or spindle inside a temperature controlled container that spins at 
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constant and discrete rotational speeds. The device measures the viscosity of a 

sample by measuring the torque exerted by the fluid against the rotating cylinder. For 

the temperature control, the container was connected to a water bathe that circulates 

water or glycol solution at a fixed temperature.  
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Figure 3.6 Relationship of shear stress and shear rate at different particle mass 

concentrations 

 

The rheological behaviors of the slurry with particle concentrations varying from 5 to 

27.6 % were determined by the experiments. Figure 3.6 shows the relationship of 

shear stress and shear rate with particle mass concentrations from 5 % to 27.6 % at 

the temperature of 20 oC, and it can be seen that the shear stress was increased 

linearly with the rise of the shear rate, and the lines for different particle mass 

concentrations crossed at the original point, which proved that the MPCM slurry 
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flows at present study are Newtonian flows even when the particle mass 

concentration reached 27.6 % according to the Equation (3.15).  
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Figure 3.7 Apparent viscosity of MPCM slurry as function of share rate and 

temperature (10.0 wt%) 
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Figure 3.8 Apparent viscosity of MPCM slurry as function of shear rate and 

temperature (15.8 wt%) 
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Figures 3.7 and 3.8 show that the apparent viscosity of MPCM slurry at different 

temperatures and share stresses. The viscosity of MPCM slurry depends on the 

temperature and particle mass concentration. However, the viscosity of slurry seems 

to be independent of the shear stress generated by the rheometer, which quite accords 

with rheological behaviors of the homogenous Newtonian fluid. The viscosity of 

slurry increases with the rise of the mass particle concentration, while it increases 

with the decrease of the slurry temperature. 

 

The impact of higher viscosity at higher mass particle concentration and lower 

temperature should be taken into consideration when selecting operating conditions 

of the test rig, because higher viscosity means higher pump energy consumption, 

lower turbulent degree and effective thermal conductivity of the slurry, which will 

further affects the heat transfer behaviors when slurry flows in a circular pipe. 

 

Table 3.2 Viscosity of MPCM slurry  

                        Viscosity (mPa.s) 

Concentration (%) 

ηb 

(10oC) 

ηb 

(20oC) 

ηb/ ηw 

(10oC) 

ηb/ ηw 

(20oC) 

10.0 0.0022 0.0017 1.6832 1.6966 

15.8 0.0039 0.0033 2.9839 3.2934 

20.4 0.0041 0.0033 3.1370 3.2934 

27.6 0.0108 0.0085 8.2632 8.4830 

 

 

The viscosity and viscosity ratio of the MPCM slurry at different mass particle 

concentrations and different temperatures measured by rheometer are presented in 
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Table 3.2. Although the apparent viscosity of the slurry decreases with the rise of the 

temperature, the relative viscosity, which is defined as the ratio between the apparent 

viscosity of slurry and viscosity of the water, keeps almost the constant value, 

therefore, it is convenient to use relative viscosity instead of the apparent viscosity to 

describe the rheological property of the slurry.  
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Figure 3.9 Relative viscosity of the MPCM slurry as function of particle mass 

concentration 

 

Due to the homogenous of the Newtonian behaviors of the present MPCM slurry, the 

Vand’s model as showed in Equation (3.14), which describes the viscosity of the 

homogeneous solid-liquid slurry, is also suitable for the MPCM slurry. Mulligan et al. 

(1996) obtained the value A = 3.4 for the MCPM slurry with particle diameter of 10-

30 µm using Equation (3.14), while Yamagishi et al (1999) estimated the value A = 
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3.7 for the microencapsulated octadecane slurry with average diameter of 6.3 µm. In 

the present investigation, the microencapsulated C16H33Br with diameter of 2.0 to 

31.7 µm was suspended in the water to form the MPCM slurry. The value A = 4.45 

was then obtained based on the viscosity data presented in Table 3.1 for different 

mass particle concentrations. Figure 3.9 shows the measured relative viscosities of 

the slurry as function of mass concentration of the MPCM particles, which fitted well 

with the predicted values calculated by Equation (3.14). The relative viscosity does 

not linearly increase with concentration. The curve keeps flat at the low 

concentration range. However, it turns to be very steep at high concentration range. 

The relative viscosity of slurry with 10 wt% concentration is 1.7 times of that of 

water, while the viscosity of slurry with 27.6 wt% is approximately 8.3 times.  

 

3.3.2 Pressure Drop 

 

For practical engineering applications, it is important to know the pressure drop 

across two ends of the pipe for an internal fluid flow, because this parameter 

determines pump power requirement. It is advantageous to calculate the pressure 

drop with Darcy friction factor, which is a dimensionless parameter defined as  

                                                      ( )
2

/
2 m

dp dx D
f

uρ
=                                                  (3.16) 

This is the basic equation from which the frictional pressure drop may be calculated. 

It is valid for all types of fluid for both laminar and turbulent flows. However, the 

value of  f  to be used depends on the flow conditions.  
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For fully developed laminar flow of a Newtonian fluid in a pipe, the Fanning friction 

factor is given by  

                                                               16
Re

f =                                                     (3.17) 

For a fully developed turbulent flow of a Newtonian fluid, f decreases gradually with 

Re. It is also found that the value of f depends on the relative roughness of the pipe 

wall for a turbulent flow. The friction factor f is found to be a minimum value for 

smooth surfaces and increases with the increasing of surface roughness. Correlations 

that calculate the friction factor for a Newtonian fluid under smooth surface 

condition are of the forms 

                                           1/ 4 40.316Re Re 2 10f −= ≤ ×                              (3.18a) 

                                           1/5 40.184Re Re 2 10f −= ≥ ×                              (3.18b) 

In the region of transition between laminar and turbulent flows, the flow is rather 

unpredictable and caution should be made when choosing the f values.  

 

 

 

 

 

 

 

 

 

Figure 3.10 Experimental apparatus for the pressure drop measurement 
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Figure 3.10 shows the schematic diagram of an experimental apparatus for the 

pressure drop measurements of MPCM slurry. The test section of the apparatus 

mainly consists of a test section, a flow meter, a different pressure transducer, a 

slurry pump and a slurry reservoir. The test section was made by a circular stainless 

steel pipe of i.d. 4 mm. A differential pressure transducer was connected to the 

pressure tap at the two ends of the test section. The mass flow rate of the slurry 

flowing through the test section was controlled by tuning valve in the bypass section.  
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Figure 3.11  Relation between the pressure and mean flow velocity for various 

MPCM particle mass concentrations 

 

The relation between the pressure drop and mean flow velocity, plotted for the 

MPCM particle mass concentration as the parameter, are shown in Figure 3.11 at the 

slurry temperature of 20 oC. It is observed that the pressure drop increases over the 
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entire range of the velocity as the concentration increases. It is interesting to note that 

the pressure drops for the slurry with concentration of 15.7 % are lower than those 

for other concentrations in the mean flow velocity range of 0.7-1.3 m/s. This also can 

be observed for the slurry with concentration of 10.0 % in the mean flow velocity of 

0.2-1.0 m/s. This is perhaps due to the transition range between the laminar and 

turbulent flow conditions where the slurries involved in.  

 

Figure 3.12 shows the friction factor, f, and Reynolds number, Re, for slurry with 

three different concentrations, namely, 10 %, 15.8 % and 20.4 %. These values are 

calculated from the pressure drop and apparent varicosity which were measured by 

the viscometer. It is observed that the friction factor decreased with the increase of 

the Reynolds number as Re > 2200, which were in good agree with the predicted 

values calculated by using modified Blasius equation (f = 0.012143Re-0.25), while   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 Friction factor Vs. Reynolds number for MPCM at 20 oC 
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they were higher than the predicted values computed by classical Blasius equation 

(f=0.079Re-0.25) for smooth surface pipe due to the fact that the friction factor 

increases with surface roughness of the tube. It appears that a transition from the 

laminar to turbulent flow occurred in the Reynolds number in the range of 

approximately from 1200 to 2200, which is lower than the values predicted by 

Yamagishi et al. (1999) for the MPCM slurry with mean diameter of 6.3 µm, this is 

perhaps due to the particular slurry used in each case. In the case of laminar flow 

(Re<1200), the friction factor decreases with the increasing of the Reynolds number. 

The friction factors only for the slurry with 15.8 wt% in the laminar flow velocities 

fitted well with the classical model (f =16/Re) based on the Poiseuille flow 

(Incropera and Dewitt 1996) in a circular tube. While relatively larger discrepancy 

was found between the experimental values and predicted values by Hagen-

Poiseuille equation for the slurry with 10.0 % and 20.4 % particle concentrations, 

and it is suspected that this might due to the entry length effect, which is usually 

more significant for the laminar flow than that for the turbulent flow. 

 

3.4 Durability of MPCM Particles  

 

One of key issues of the application and implementation of MPCM slurry as heat 

transfer medium is its stability to withstand continuous pumping and pipe 

circulations for a considerable amount of time. Only several previous investigators 

implemented the experiments to address this issue.  

 

Yamagishi et al. (1996) tested shear breakage MPCM particles with various particle 

sizes in their experiments. The test rig consists of flexible tygon tubing, the slurry 
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reservoir and a slurry pump. The index of the durability of MPCM particles 

suspended in the slurry was described by micro-capsule breakage rate, which was 

defined as the ratio between the numbers of broken micro-capsules after certain 

number of pumping circulations and microcapsules before the circulations in the 

slurry reservoir. 

 

 

Figure 3.13 Breakage rates of micro-capsules during pump circulations 

(Yamagishi et al. 1996) 

Figure 3.13 shows the relationship between microcapsule breakage rate and slurry 

circulation times in the pump for different sizes of MPCM particles. In general, the 

Microcapsules breakage rate increases with the increasing of the circulation times. 

However, the breakage rate decreases as the micro-capsule size decreases at any 

circulation times. For example, the breakage rate of micro-capsule with the size of 

1000-1500 µm is about 90 % after 2000 circulation times, however, the breakage rate 

significantly decreased to 3 % for microcapsule with the size of 5-10 µm after the 
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same amount circulation times. Microcapsule with smaller size seems to be more 

durable during the pumping circulations.  

 

Alvardo et al. (2007) determined the percentage of unbroken microcapsules in a fix 

amount of MPCM slurry when they were continuously circulated in a pump. The 

durability test loop consisted of a closed loop made of copper tubing that varied in 

diameter from 10.9 mm to 25.4 mm. A Moyno progressing cavity pump was used to 

pump slurry in his experiment, because this type of pump is suitable to viscous solid-

liquid slurry without decreasing the pump performance.  

 

Table 3.3  Durability test results of micro-capsules by Alvardo et al. (2007) 

Batch 

number 

MPCM size 

range (µm) 

Total time  

of test (h) 

 % broken 

MPCM 

(%) 

Slurry 

velocity (m/s) 

Total 

circulation 

times 

1 90-150 9.7 15.5 0.6-2.4 700 

2 70-260 5 16 0.6 400 

3 2-10 7 0 0.6-2.4 1200 

 

 

Table 3.3 shows the results of durability test by Alvardo et al. (2007). The broken 

percentage of microcapsules in the slurry was quite size dependant. The amount of 

broken microcapsules increases obviously with the increasing of the particle size. For 

the micro-capsules in the size range of 2-20 µm, no broken microcapsules were 

observed after 1200 circulation times. Such result is consistent with the durability 

tests made by Yamagishi et al. (1999).  
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The relation of the internal pressure P in a spherical microcapsule and its diameter d 

can be expressed by (Ohtsubo 1990): 

                                                         4 /P dσδ=                                                     (3.19)     

where σ   is the tension of a microcapsule wall, δ thickness of a microcapsule wall, 

d diameter of a microcapsule. The disruption of a microcapsule requires the 

application of external pressure at least equals to its internal pressure, therefore, the 

minimum shear stress to damage a microcapsule has the same magnitude as the 

internal pressure. In a system with a given shear stress, the capsules with smaller size 

has the lower external pressure than those with bigger size, thus the microcapsules 

with bigger size are easy to break, which is agree with the results given by two 

previous experiments. The internal pressure is also determined by the strength of the 

microcapsule shell, which described by the term of the tension of a microcapsule 

wall as described in Equation (3.19). This is perhaps the reason why the breakage of 

capsules in experiments by Alvardo et al. (2007) is lower than that of Yamagishi et al. 

(1996) at the similar microcapsule size range of 2-10 µm, although the breakage rate 

of the capsules is also determined by the particular experimental conditions, e.g. the 

type of the pumps, the slurry mass flow rate, the type of test loop, etc.  

 

In general, both durability tests indicated that micro-capsule size is the dominating 

factor affecting the durability, the smaller the size of the capsule, the durable the 

micro-capsule will be when the slurry is continuously circulated by a pump. So it is 

necessary to choose the MPCM particle with smaller size for further experiments in 

this study.  
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3.5 Summary  

 

The thermalphysical properties models required to describe the relevant heat transfer 

of slurry flowing in a pipe have been discussed. The models to predict the density, 

heat capacity, thermal conductivity of MPCM slurries are available and their specific 

use for MPCM slurry has been validated by various researchers. The effective 

thermal conductivity of MPCM slurry was not measured directly, but the predictive 

model for solid-liquid slurry without phase change are generally accepted and do not 

yield different predictions. Other properties such as the melting/freezing temperature, 

latent heat, supercooling degree and the particle size distribution were measured by 

the DSC and mastersizer.  

 

The rheological behaviors of the slurries with different particle mass concentrations 

were investigated by a rheometer, all slurries in the present study exhibited 

Newtonian behaviors when the particle mass fraction is not more than 27.6 %. The 

dynamic viscosity of slurry were measured and fitted well with the classical Vand’s 

model. The results of pressure drop measurements in a horizontal test tube  showed a 

distinct transition when slurry changes from laminar to turbulent, and friction factors 

in turbulent flow were in good accord with the predicted values calculated by using 

modified Blasius equation (f = 0.12143 Re -0.25). The friction factor in laminar flow 

fitted with well with the classical model (f = 16/Re) based on the Hagen-Poiseuille 

flow only for the slurry with 15.8 % particle mass concentration, and relative large 

discrepancy for slurry with other concentrations was found between the experimental 

values and predicted value due to the entry length effect.  
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The durability of microcapsules withstanding a continuous pumping circulation was 

investigated based on the experiments in the literature. The results indicated that the 

microcapsule with size smaller than 10 µm is preferable when MPCM slurry is used 

as heat transfer medium and this will be useful for material preparation of the MPCM 

particles used for our heat transfer experimental studies. 
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Chapter 4  

Heat Transfer Behaviors of MPCM slurries in a Circular Tube 

under a Constant Heat Flux 

4.1 Introduction 

 

In chapter 2, all preliminary studies indicate promising performance of MPCM slurry 

as heat transfer and storage medium. However, experimental investigations on 

MPCM slurry heat transfer characteristics appear to be limited for practical 

engineering so far. In addition, no correlations were proposed to describe the melting 

heat transfer characteristics of MPCM slurry flows in the circular pipes. This is 

perhaps due to the complex heat transfer mechanisms of the MPCM slurry flows and 

narrow experimental conditions applied for each investigation. The optimum design 

of thermal energy storage systems, which run with MPCM slurry, requires a good 

knowledge of flow and heat transfer characteristics of the solid-liquid slurry 

involving in phase change, in order to reduce the capital cost, system size and energy 

consumption of the thermal energy systems.  

 

An experimental rig was therefore constructed at Tsinghua University to obtain the 

reliable and sufficient data to investigate the heat transfer behaviors of MPCM slurry 

in a horizontal circular pipe when it was subjected to constant heating rates. The 

experiments covered both laminar (Reb<2100) and slightly turbulent 

(2200<Reb<4000) flow conditions with particle mass concentration ranging from 5 % 

to 27.6 %.  
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To accurately evaluate the heat transfer characteristics of MPCM slurries in the 

circular tubes, the average heat transfer coefficients were determined based on the 

local heat transfer coefficients instead of those based on the inlet and outlet 

parameters. Numerous correlations of solid-liquid liquids flows without phase 

change in a horizontal pipe have been reported by previous investigators. In this 

study, the correlations in the literature will be examined and modified for the specific 

case of MPCM slurry flows, after which new correlations were developed for MPCM 

slurry flows in a horizontal circular pipe with constant heating rates.  

4.2 Experimental Details  

4.2.1 Experimental Apparatus and Procedures  

 

An experimental rig was built to study the convective heat transfer features of the 

MPCM slurry flows in a horizontal circular tube. The schematic diagram is shown in 

Figure 4.1. The major components include: a heat transfer test section; a plate heat 

exchanger (Tranter, Inc., Type B25); a slurry reservoir tank; two slurry pumps; two 

float flow meters; a AC power supply; a chiller. The mass flow rate of the slurry was 

determined by measuring the effluent fluid of the test section by the weighing 

method.  

 

A reservoir tank of 5 Liters made of polymethylmethacrylate was used to store the 

MPCM slurry and to monitor the dispersion behavior and the stability of the slurry.  

To keep MPCM slurry homogeneous, a variable speed stirrer was installed on the top 

of the tank. The flow rates of slurry were adjusted by tuning a mainline throttling 

valve and a bypass valve manually.  A chiller of 3 kW cooling capacity was used to 
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cool the glycol solution. A plate heat exchanger, which has a heat exchanger surface 

of 1.76 m2 and the heat exchanger capacity of 3 kW, which matches with the 

capacity of the chiller of 3 kW, was used to freeze the MPCM slurry by the low 

temperature glycol flow.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Schematic diagram of experimental apparatus 

 

The heat transfer test section itself was a straight circular stainless steel (Cri8Ni9Ti) 

tube, 1.46 m in length with an internal diameter of 4 mm and a wall thickness of 1 

mm. It also functioned as the heating source by connecting the electric wire directly 

on both ends to obtain a uniform heat flux. Power supply consisted of a 3 KVA 

power transformer, a manually controlled autotransformer and an insulating 

transformer. The power input to the test section was calculated by multiplying the 

reading of the Ammeter with the reading of the voltage meter. Test section was fitted 

with flanges, which were isolated electrically and thermally from its upstream and 
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downstream sections by Teflon O-rings as shown in Figure 4.2. To minimize the heat 

losses to the ambient environment, the whole test section was thermally insulated by 

foam-type insulation material with a thickness of 10 cm. 

 

 

Figure 4.2 The flange at the outlet of test section 

 

The inlet and outlet slurry temperatures of the test section were measured by 

inserting the PT-1000 type thermocouples into the flowing fluid. The thermocouples 

for measuring the inlet and outlet temperatures were located 10 cm upstream and 

downstream of the heat transfer test section. And the measuring points of the two 

thermocouples were located at the center points between the inner tube wall surface 

and the tube centerline. The measuring point for the slurry outlet bulk temperature 

was fully hydraulically developed since the length of the entrance region starting 

from the inlet of the test tube can be calculated by the equations of  
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min 0.05Rela ar b tubeL D= and 10turbulent tubeL D= , respectively for the laminar and 

turbulent flows. On the other hand, there is no axial heat conduction since the inlet 

and outlet heated section of test tube were insulated by the Teflon flange. Therefore, 

there were minimal radial temperature gradients in the slurry flow at the cross section 

of the measure point. Theoretically, this careful location of the thermocouple for 

measuring the outlet bulk temperature as already rendered has the reading very close 

to the outlet bulk temperature of the slurry. 

 

Eight T-type thermal couples were attached to the outer surface of the test tube and 

the distance between the neighboring points was 0.18 m. The inlet and outlet 

temperatures of heat exchangers were measured by inserting T-type thermal couples 

into the fluids. All the temperature sensors were calibrated and the measurement 

error was less than 0.1 oC. Pressure drop was measured across the test section using 

an electronic differential pressure transducer with an accuracy of ±0.01 kPa. During 

the experiments, the variations of the temperatures at inlet and outlet of test section 

were controlled to be less than ±0.25 oC. Four pressure gages were also installed in 

the inlet and outlet of the heat exchangers for each pass to monitor the pressure 

variations. 

 

In order to estimate the heat-loss from the experimental apparatus to the ambient 

environment, the apparatus was firstly operated with only pure water flowing in the 

system. Then the heat losses can be estimated by subtracting the net heat removal by 

the water flow from the electric power inputs of the AC power supply. The 

experiments were repeated with different electrical power inputs and fluid mass flow 
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rates. The heat losses to the surroundings were found to be small (maximum 4 % to 

the total electric power input).  

 

When the MPCM slurry flowed in the system, the temperatures at the outlet of the 

heat exchanger were controlled at 2 oC by tuning the inlet temperature of the glycol 

solution, which was much lower than the melting temperature of the PCM (Tm = 14.3 

oC). Considering the supercooling degree of 10 oC, such a low temperature was 

necessary to solidify all the PCM in the heat exchanger. When the slurry temperature 

and flow rate were set at the desired values, the electric power was switched on to 

heat the slurry flow. The outlet temperatures of the test section were controlled at 20 

or 25 oC to ensure that all PCM particles have completed the phase change processes 

by adjusting the electrical power input to the test section. In normal working 

conditions, the slurry at the inlet of heat exchanger was pressurized by the 

pressurized pump to about 0.65 MPa to overcome frictions in both the heat 

exchanger and the main heat transfer test section. 

 

All data from different instruments were taken after reaching the steady state by 

observing the temporal variations in the slurry inlet and outlet temperatures, test tube 

surface temperatures, pressure drop and power input. Data points were taken at 10 

minutes interval during steady state. All the data were directly stored in the computer 

through a HP-34970 data acquisition system. 

4.2.2 Data Analysis Method 

 

The heat loss over the test section to the environment was evaluated by the following 

equation: 
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                                             ( ), , ,p b b o b iloss inputQ Q mC T T= − −& & &                                   (4.1) 

 

where Tb,o is outlet temperature of slurry of the test section, inputQ&  the electric power 

imposed on the test section, m&  and Cp,b are the mass flow rate and specific heat 

capacity of the water, respectively, Tin and Tout are the inlet and outlet temperatures 

of the water. 

 

In this investigation, the local heat transfer coefficient between the inner wall tube 

surface and the slurry flow was defined as 

 

                                                            lw
x

lw lb

qh
T T

=
−

                                                 (4.2)   

 

where qlw is the local heat flux at the tube wall, Tlw is the local inner wall surface 

temperature, and Tlb is the local bulk mean temperature of the fluid. The local bulk 

mean temperature of the water can be easily calculated by assuming the linear 

increase of the water temperature along the test section, based on the inlet and outlet 

temperatures, and the tube heat flux. However, the local bulk mean temperature of 

the fluid accompanying phase change is not linear, thus it can not be simply 

estimated from aforementioned method. In this experiment, the local bulk mean 

temperatures of the slurry were calculated based on the ‘three-region melting model’, 

which was proposed by Choi et al. (1993) and the model is quite dependent of the 

material property data. Table 4.1 shows the derived equations for the determination 

of the length of each region and associated bulk mean temperature profile, Tb(x).  

 



 

 80

Table 4.1  Bulk temperature profile equation and length of each region 

      

Local bulk-mean temperature                                                    Length of the regions 

 

Region I         
,

( )b bi
p b

Q xT x T
mC L

= +
&

                                        , ,1 ( )p b m b imC T TL
L Q

−
=
&

 

Region II        ( )b mT x T=                                                          1 32 L L LL
L L

− −
=  

Region III       
,

( )b m
p b

Q xT x T
mC L

= +
&

                                       , ,3 ( )p b b o mmC T TL
L Q

−
=
&

 

 

 

Based on the energy balance, the latent heat of the slurry flowing in the test tube can 

be calculated by the following equation: 

 

                                          ( )1 2
, /m m b i

L LH Q m T T m
L
+⎡ ⎤Δ = − −⎢ ⎥⎣ ⎦

& &                               (4.3) 

 

In order to ascertain the complete phase change process and check the accuracy of 

the measured outlet bulk mean temperature of the slurry flowing in the test section, 

the calculated latent heat value by Equation (4.3) at each experimental run was 

compared with measured value by using the DSC technique, since the latent heat 

value is always keeping constant for a specific kind of the MPCM slurry. 

 

The inner tube wall surface temperature, Tlw, was derived from the model based on 1-

D thermal conduction in the homogeneously heated wall of the test section (Allen 

and Eckert 1964) and the result is given as 
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                                                   1
1 2(1 )

2
lw lw
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wo wo

q aqCT T C
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= − +                                (4.4)      

where                                             

                                              
2 2

2
1 2 2 ( ln )

2
w wo wo w

wo
wo w w

r r r rC r
r r r

−
= −

−
                 

 

Two is the tube outer wall surface temperatures. rw and rwo are the wall inside and 

outside radii, respectively. kwo is the thermal conductivity of the tube, 

kwo=14.235+0.013398Two, and a = 0.0144. 

 

Local dimensionless numbers for MPCM slurry flowing in the heat transfer test tube 

were defined as follows: 

 

                           /x x bNu h D k=   ,Pr /lb p b b bC kμ=    Re /lb m b bDu ρ μ=              (4.5)  

   

Instead of using LMTD method, the average heat transfer coefficient (hm), Nusselt 

number (Num), Prandtl number (Prm) and Reynolds number (Rem) were calculated 

using the arithmetic averages of the local values in this study. 

 

4.2.3 Uncertainty Analysis 

 

The maximum error of the temperature reading in the present study was 1.0 %, and 

the error in the measurements of the inner/outer diameter and pipe length was 0.5 %. 

The mass flow rate of the slurry was calculated from the mass of the effluent fluid of 

the test section over a certain period, which had an error of approximately 0.1 %. The 



 

 82

error in the measurements of voltage and current were 1.5 % and 1.0 %, respectively. 

The error in viscosity measurement was 1.0 %. The corresponding uncertainty for the 

Reynolds number therefore was 1.12 %.  
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Figure 4.3 Two model for bulk-mean temperature of the MPCM slurry 

 

Due to the radial temperature gradient inside the tube, the bulk mean temperatures of 

the slurry inside the test tube were not directly measured but calculated by the ‘three-

region melting model’. There might be deviations between the calculated value and 

real value. To estimate the extent of this deviation, the bulk temperature of the slurry 

was also calculated by the ‘linear melting model’, which assumes a linear melting 

process of the MPCM particles in both Region I and Region II.  The actual melting 

processes might have the bulk temperature values between two extremes calculated 

by the above two proposed models. This is also confirmed by Ymagishi et al. (1999), 
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who directly measured the local bulk temperatures of the MPCM octadecane slurry 

under turbulent flow conditions by five thermocouples. In their experiments, all local 

bulk temperatures in the Region I and Region II lied in the two extremes calculated 

by the two models, and the measured bulk temperatures were much more close to the 

bulk temperature calculated by ‘three-region melting model’. Figure 4.3 shows the 

bulk-mean temperature of slurry calculated by the two models, and the bulk mean 

temperature calculated by the ‘three-region melting model’ is always higher than that 

calculated by the ‘linear melting model’. Therefore, the heat transfer coefficient 

calculated by the three region model is higher than the one by the linear melting 

model. This adds uncertainty for determining the heat transfer coefficient. However, 

in our experiments the inlet temperature of the slurry was controlled to be slightly 

lower than the melting temperature. As a result, in the axial position there might exist 

a specific point where the maximum temperature difference between the bulk mean 

temperatures calculated by two models would occur. The mean bulk temperature 

calculated by the ‘three-region melting model’ is no more than 3.5 % higher than that 

calculated by the ‘linear melting model’ for all the experimental runs, which results 

in an additional 3.5 % uncertainty in the heat transfer coefficient calculation. 

 

The errors of input heat flux measurements mainly depend on the accuracies of the 

ammeter, the voltmeter and the heat loss from the section to the environment. The 

total heat loss of the test section, which was calculated by Equation (4.1), was less 

than 4 % of the electric power input from the AC power supply. Therefore, the 

uncertainty for local heat transfer coefficient was ± 6.7 %, and the corresponding 

uncertainty of Nussselt number was ± 6.7 %. The deviation between the calculated 
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latent heat of the slurry for each experimental run was less than 4.0 %, which can be 

considered as the error caused by the heat loss of the test section.  

4.3 Properties of MPCM Slurry 

 

The original MPCM slurry was prepared via a micro-encapsulation process and 

consisted of microencapsulated 1-bromohexadecane (C16H33Br) particles suspended 

in the pure water. The MCPM particles used industrial-grade 1-bromohexadecane 

(Tm = 14.3 oC, ΔHm = 160 kJ/kg) as core material and Amino Plastics as shell 

material, respectively. The core-shell mass ratio was controlled to about 7:1 during 

the micro-encapsulation process. The size distribution of micro-particle was 

measured by a particle characterization system (Malvern Instrument Ltd., Malvern 

Masterzer 2000).  The microencapsulated PCM particle diameter distribution ranged 

from 2.0 to 31.7 μm and volumetric averaged diameter was 10.1 μm. By diluting the 

original MPCM with pure water, the less concentrated MPCM slurries could be 

easily obtained. 

The densities of slurry were calculated Equations (3.1) and (3.2), and the specific 

heat capacity of the slurry calculated by the Equation (3.3). The thermal conductivity 

of the microcapsule was calculated based on the composite sphere approach 

(Charunyaorn et al. 1994), which is given by:                              

                                                        1 1 p c

p p c c w p c

d d
k d k d k d d

−
= +                                      (4.6) 

where kp is the thermal conductivity of the MPCM particles, kw thermal conductivity 

of the water. 
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Table 4.2 Physical properties of MPCM slurry and its components 

  Specific  Thermal Latent Viscosity 

  Density  heat  conductivity Heat (at 20oC) 

 kg.m-3 J.kg-1. oC-1 W.m-1. oC-1 kJ.kg-1 mPa.s 

1-Bromohexadecae (solid)  1006 1762 0.141 160  

                                (liquid) 998 1437 0.300   

Urea-formaldehyde  1490 1675 0.433   

Water (at 20  oC)  998 4183 0.599   

MPCM particle (solid) 1093 1751 0.135 140 1.00 

                          (liquid) 1057 1467 0.285   

MPCM Slurry (mass fraction)      

              Φ=0.050 1001 4061 0.568 7.0 1.57 

              Φ=0.100 1004 3940 0.539 14.0 1.73 

              Φ=0.158 1007 3801 0.506 22.0 2.92 

              Φ=0.204 1010 3687 0.480 28.6 3.29 

              Φ=0.276 1014 3534 0.446 38.6 8.42 

 

Thermal conductivities of MPCM slurries were calculated by Maxwell’s relation 

(Maxell 1954), which is given as          

 

                                                            
( )
( )

2 2
.

2
f p p f

b f
f p p f

k k k k
k k

k k k k

φ

φ

+ + −
=

+ − −
                               (4.7) 

 

where kb is the thermal conductivity of the slurry. 

The properties of the slurry calculated by Equations (3.1), (3.2), (3.3), (4.6) and (4.7) 

are presented in Table 4.2.  

4.4 Heat Transfer Characteristics  

4.4.1 Heat Transfer Characteristics of Pure Water  
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The entire stainless steel tube was thermally insulated by form-type insulation 

material with a thickness of about 100 mm. The electric energy supplied to the 

stainless steel tube should be the same as the thermal energy removed from the 

stainless tube by the fluid when there is no parasitic heat loss. The energy balance 

ratio, E.B.R, is defined as  

                          Thermal energy supplied by the fluidE.B.R=
Electricity energy supplied by the power supply

 

The energy balance ratio, as shown in Figure 4.4, was calculated by measuring the 

bulk-mean temperature of the water at the inlet and outlet of the test section, and the 

voltage drop and current over the test section. The energy balance ratio was within 4 

% of unity.  
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Figure 4.4 Energy balance ratio (E.B.R) of the test section 

Heat transfer test was firstly performed with only pure water flowing in the test 

section. The heat transfer coefficients were determined from the measured electric 

power input, Qinput, local wall temperatures, and calculated local temperatures. For 
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the laminar heat transfer coefficients, the local heat transfer coefficients can be 

calculated by Equation (4.8), which was given by Churchill and Ozoe (1973) for the 

single-phase laminar developing flow in thermally developing region under a 

constant wall heat flux, 

                                            

3/1010/9*2205.364 1 1.0x
xNu

π

−⎡ ⎤⎛ ⎞
= + −⎢ ⎥⎜ ⎟

⎢ ⎥⎝ ⎠⎣ ⎦
                             (4.8)           

where               

                                                      ( ) ( )* / / Re Prlb lbx x D= ⋅                                         

x is the coordinate in the axial direction, D the diameter of the test tube. The local 

Reynolds number, Relb, local Prandtl number, Prlb, were evaluated based on the local 

mean temperature of the fluid. 
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Figure 4.5 Local heat transfer coefficient of pure water under laminar flow 

condition (Relb=603-780, m& =2.96 g/s) 
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Figure 4.5 compares the local heat transfer coefficients measured by the experiments 

and predicted by Equation (4.8) under the same electric power input Q& =106.4 W and 

mass flow rate m& =2.96 g/s. The heat transfer coefficients of water in thermal 

developing region decreases with the increasing distance of the water flow along the 

flow direction. At the entrance of the test section, the heat transfer coefficient 

deceases sharply. And at the end region of the test section, the heat transfer 

coefficient decreases slowly. At the outlet of the test section, the heat transfer 

coefficient is approaching to a constant value, which accords with the phenomena of 

water in the fully developed region under laminar flow conditions. The relatively 

discrepancy of the average heat transfer coefficients between the experimental values 

and predicted values was within 3.4 % for almost ten experimental runs.  
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Figure 4.6 Local heat transfer coefficients of pure water under turbulent flow 

condition (Relb=3475-5073, m& =18.0 g/s) 
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In the case of turbulent flow, the heat transfer coefficients were compared with the 

predicted values calculated by using Equation (4.9), which was proposed by Choi 

and Cho (1995) for convective heat transfer of a single-phase fluid flowing in a 

horizontal circular pipe in both developing and developed flow region with a 

constant heat flux.  

                                      ( ) 0.110.979 0.40.00425Re Pr /x lb lb lw lbNu μ μ −=                                  (4.9) 

where dynamic viscosity, µlb, was evaluated based on the local mean temperature of 

the fluid. Dynamic viscosity, µlw, was calculated based on the local inner wall 

surface temperature.  

 

 

Figure 4.6 compares the local heat transfer coefficients measured by the experiments 

and calculated by Equation (4.9) under the same electric power input Q& =1014.7 W 

and mass flow rate m& =18.0 g/s. The local heat transfer coefficient increases with the 

increasing distance of the flow along the flow direction. Relative discrepancy 

between the average heat transfer coefficients between experimental data and 

predicted values was found to be within 8.14 % for the flow under turbulent 

condition.  

 

In the end portions of the measuring segment one can notice an increase in the 

measured local heat transfer coefficients in comparison to the values calculated 

according to Equations (4.8) and (4.9), which can be explained by the end region 

thermal effect of the test section, because the temperature at the end of portions of 
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measuring segments are higher than that at the beginning, therefore, heat losses to the 

environment of this section are also higher than those of the other sections. 

It is concluded that the relative discrepancy between the measured values and values 

predicted using classical correlation equations for both the laminar and turbulent 

flow conditions were small and within the acceptable range, taking into account of 

the difficulty in controlling the experimental conditions and universal applicability of 

the correlation equations, the local heat transfer coefficients for the slurry will be 

compared with the values predicted by Equations (4.8) and (4.9) in the subsequent 

discussions.  

4.4.2 Local Laminar Heat Transfer Characteristics  

 

A test was conducted with the MPCM slurry with particle concentration of 15.8 wt% 

at a 292.7 W heating rate. Figures 4.7 (a) and (b) show the calculated local bulk-

mean temperature Tlb, and the corresponding local heat transfer coefficient, hx, for 

both pure water and MPCM slurry as well as the wall surface temperature operating 

with MPCM slurry. Bulk mean temperature for slurry was calculated by the equation 

listed in Table 4.1 based on the ‘three-region melting model’. Both fluid flows had 

the same mean flow rate of 4.95 g/s.  

 

As shown in Figure 4.7 (a), the bulk mean temperature of pure water increases 

linearly along the flow direction due to the uniform heating flux imposed on the test 

tube. In the case of the MPCM slurry, the bulk temperature increased linearly along 

test section in the Region I and Region III, while the bulk mean temperature in the 

Region II kept a constant value, Tlb=14.3 oC, due to the latent heat release when PCM 

particles melted at nearly the melting temperature of PCM. In Figure 4.7 (b), the 
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calculated local heat transfer coefficients were higher than those of the pure water in 

the Region I and Region II, but they approached those of the pure water in Region III.  
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Figure 4.7 (a) local bulk mean temperatures, (b) local heat transfer coefficients 

for pure water and MPCM slurry of wp=0.158, Relb=1196-1170 for pure water 

and Relb=441-538 for MPCM slurry, at m& =4.95 g/s 

 

Such phenomena could be due to the following reason: (1) slurry temperatures near 

the tube wall were higher than the melting temperature of the PCM in Region I, as 

shown in Figure 4.7 (a), the internal wall surface temperature was almost higher than 

20 oC, although the bulk mean temperature were still lower than the melting 

temperature of the PCM, hence a small amount of MPCM particle cores melted in 

the Region I, when more MPCM particle cores melted in the slurry, as a result, the 

enhanced heat transfer coefficient relative to pure water was found at the entrance 
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position of the Region I. (2) In the Region II, the bulk mean temperature was the 

same as that of the melting temperature of MPCM, the MPCM particle cores 

continued to melt and reached a maximum value, after that, the decreasing of the 

number of melting MPCM cores appeared, the heat transfer coefficient due to the 

phase change of the MPCM cores was also decreasing gradually, and eventually 

approached to those of the pure water at the end of Region II. (3) In the Region III, 

due to the similar specific heat capacity of MPCM slurry and water and the 

developed laminar flow of the slurry, the heat transfer coefficients of MPCM slurry 

and water were similar, and almost kept a constant value.  

 

Tests with different MPCM particle mass concentrations, 5 %, 10.0 % and 15.8% 

have been conducted to check the latent heat effect of slurry on the heat transfer 

performance in a horizontal circular test tube. In Figure 4.8, the evolution of the local 

Nusselt Number, Nux, is plotted against dimensionless axial distance, x/(rDRePr), 

particle mass concentrations of wp = 5 %, 10 % and 15.8 % under the same heating 

rate across the test section, Q&  = 296.8 W, and mass flow rate, m& = 4.95 g/s. The 

corresponding Nusselt numbers for pure water with the same heating rate calculated 

with Equation (4.8) are also plotted in Figure 4.8.   

 

As shown in Figure 4.8, the local Nusselt number in the thermal developing region 

are seen to increase up to 56 % when the MPCM particle mass concentration wp = 

15.8 %. Such enhancement is attributed to the melting latent heat effect of MPCM 

particle cores during the phase change process, or the enhanced effective specific 

heat capacity of the slurry due to the phase change of MPCM particle cores as 

proposed by Kasza and Chen (1986), which is defined as  
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                                            , , /p eff p b p mC C w H T= + Δ Δ                                           (4.10) 

 

where wp is the mass fraction of MPCM particles in the slurry; ΔHm is the latent heat 

of the MPCM core; ΔT is the temperature difference between the slurry temperature 

at the inlet and outlet of the test section. The latent heat of slurry increases with the 

mass faction of the MPCM particles, so does the effective specific heat capacity of 

the slurry. In Figure 4.8, the local Nusselt numbers increased with MPCM particle 

mass concentration of the slurry, and all of them were higher than those of the single-

phase fluid flow without phase change for all cases. 
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Figure 4.8 Effects of MPCM particle mass concentration on the local Nusselt 

number 
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The local Nesselt Numbers are plotted against dimensionless axial distance in Figure 

4.9 for runs conducted in different Reynolds numbers and wall heat power inputs but 

at same particle mass fraction, wp=15.8 %.  
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Figure 4.9 Local Nusselt numbers VS. dimensionless axial distance under 

different working conditions at wp=15.8 % 

 

Figure 4.9 illustrates that the local Nusselt number are almost independent of heat 

power input across the heat transfer test section and Reynolds number along the 

dimensionless axial distance of the test tube. Local Nusselt numbers for all cases are 

higher than those for the pure water. They also presented the similar trend along the 

axial distance as that of pure water in the thermal developing region under laminar 

flow conditions, and the local Nusselt number decreased along the flow direction at 

the entry region, and finally it approached the stable state when fluid flow was 
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approaching to fully developed flow condition at the end region of the test section. 

An interesting phenomenon is that all the experimental data points seem to form a 

consistent smooth curve. The similar results were also found for the slurry with 

MPCM particle mass concentration of 5 % and 10 % as shown in Figure 4.10 and 

4.11. Based on the experimental data for different power input, a new correlation 

equation which is related to the Churchill and Ozoe (1973) for laminar single-phase 

fluid flow in the developing region under a constant heat flux, and is expressed by 

the following form: 
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Figure 4.10 Local Nusselt numbers VS. dimensionless axial distance under 

different working conditions at wp=5.0 % 
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Figure 4.11 Local Nusselt numbers VS. dimensionless axial distance under 

different working conditions at wp=10.0 % 

 

                                                          MPCM slurry

Churchill and Ozoe

Nu
c

Nu
=                                             (4.11) 

 

where the values of c depends on the MPCM slurry particle mass concentrations, 

which are presented in Table 4.3.  

Table 4.3 Values of c  

Particle mass concentration (%) c 

5.0 1.336 

10.0 1.341 

15.8 1.418 
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As shown in Figures 4.9, 4.10 and 4.11, the proposed correlation equation can 

predict the local heat transfer coefficients of MPCM slurry flow in the thermally 

developing region under laminar flow condition with the accuracy within ±15 %. 

 

4.4.3 Local Turbulent Heat Transfer Characteristics  

 

Due to the increased viscosity associated with higher particle mass concentrations, 

the heat transfer performance tests were only performed for the slurry with 

concentrations of 5.0 % and 10.0 % under turbulent flow conditions. Figure 4.12 

shows the local heat transfer coefficients and the calculated bulk mean temperatures 

for MPCM slurry of wp = 5 % and pure water at the same heat flux Q& = 802.8 W and 

mass flow rate m& = 16.4 g/s. 

 

It is noticed that the heat transfer coefficients of slurry were higher than those of pure 

water. Along the fluid flow direction, local heat transfer coefficient of water 

increased linearly, while heat transfer coefficient of MPCM slurry increased in 

Region I, decreased in Region II and increased again in Region III. Choi et al. (1993) 

also reported the similar phenomenon occurred in the turbulent flow of phase change 

emulsion (mixture of water and PCM particles without micro-encapsulation), and 

their explanations for this phenomenon are also suitable for the present turbulent 

MPCM slurry flow, which are cited as follows:  (1) In region I, a small amount of 

MPCM particle cores melted near the tube wall because the wall temperature was 

higher than the melting temperature of 1-bromohexadecane (see Figure 4.12), 

although the bulk mean temperature was lower than the melting temperature due to  
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Figure 4.12  (a) local bulk mean temperatures, (b) local heat transfer 

coefficients for pure water and MPCM slurry of wp=0.158, Relb=3635-5015 for 

pure water and Relb=2320-3068 for slurry, at m& =16.4 g/s 

 

the low temperature of slurry near the tube centerline, therefore the heat transfer 

coefficient increased when the more MPCM particle cores were melting in Region I. 

(2) In Region II, with more MPCM particles were melting, the number of the melting 

MPCM particle cores reached a maximum value when the bulk mean temperature of 

slurry reached the melting temperature of 1-bromohexedecane, the corresponding 

heat transfer coefficient also reached a maximum value. After that, the number of 

solid MPCM particle cores decreased gradually. In addition, the melted MPCM 

particle cores near the heated tube prevented the solid MPCM particle cores 

transporting to the tube wall, which in turn reduced the number of MPCM particle 

cores involved in the phase change, thus heat transfer coefficient decreased gradually 
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in Region II, and the heat transfer coefficient is almost same as the that of pure water 

at the end of Region II when all MPCM cores changed that state from solid to liquid. 

(3) The local Reynolds number increased with the increasing of the bulk mean 

temperature of slurry along the test section in Region III due to the rise of the slurry 

temperature, which resulted in the increasing of the heat transfer coefficient in 

Region III.  
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Figure 4.13 Local heat transfer coefficients of MPCM slurry at different heating 

rates of 802.8 and 1139.3 W Relb=3635-5015 for pure water and Relb=2320-3503 

for MPCM slurry, at m& =16.4 g/s 

 

Figure 4.13 compares the heat transfer performance of MPCM slurry flow at two 

different heating rates, Q&  = 802.8 and 1139.3 W, but the mean flow velocity, particle 

mass concentration and the inlet mean bulk temperature of the MPCM slurry were 
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controlled to be the same values for two cases. It is seen that that the maximum value 

of the heat transfer coefficient for higher heating rate appeared earlier than that for 

lower heating rate. Moreover, the heat transfer coefficient for higher heating rate was 

higher than that for lower heating rate after the phase change processes. These might 

be due to the following reasons: (1) when heating rate was higher, the length of 

Region I became shorter than that for the lower heating rate case, which means that 

maximum number of the melting MPCM particle cores appeared earlier, (2) when 

higher heating rate applied in the test tube, the temperature rise of the MPCM slurry 

was higher, the viscosity for the slurry was lower than that for the case of the lower 

heating rate at the same axial position in region III, thus the Reynolds number was 

also higher, therefore, the higher heat transfer coefficient was obtained for high 

heating rate case than that for the lower heating rate case at the final stage of slurry 

flow in the test tube. 

 

4.4.4 Average Heat Transfer Characteristics  

 

In this research, not only the local heat transfer characteristics, but also the average 

heat transfer behaviors of the MPCM slurry flows in the horizontal circular tube were 

investigated under both laminar and turbulent flow conditions.  

 

Figure 4.14 illustrated the tendency of the average Nusselt number of laminar 

MPCM slurry at different particle mass concentrations varying from 0 % to 27.6 %.  

The average heat transfer coefficients of the pure water were also calculated using 

the correlation given by Stephan (1959), which is given for a simultaneously 
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developing single-phase laminar flow (Re < 2300) in a circular tube under constant 

wall heat flux as follows: 
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0.086 Re Pr
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⎜ ⎟
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⎝ ⎠

                                        (4.12) 

where Re, Pr are average the average Reynolds and Prandtl numbers of the water, 

respectively. 

 

As shown in Figure 4.14, the present experimental results for pure water were fitted 

well with the predicted values calculated by the Stephan’s correlation equation for 

single-phase fluid flow. It was observed that the discrepancies between the 

experimental values and predicted values were less than 6 %. Considering the 

experimental difficulties experienced with the heat transfer of the fluid, these results 

should be acceptable. The average Nusselt numbers for all MPCM slurries increased 

with the increasing of the Reynolds number. The experimental results indicated that 

the MPCM slurry remarkably improved the heat transfer performance of the carrier 

fluid. Compared with the heat transfer performance of the water, the Nusselt number 

of the MPCM slurry increased more than 45 % with particle mass fraction 5 % at the 

same Reynolds number condition. The heat transfer performance also increased with 

the increasing of the mass concentration of the particles suspended in the water. Heat 

transfer enhancement up to 167 % was achieved when particle mass concentration 

reached 27.6 %. Therefore, the particle mass concentration (latent heat of the slurry) 

and Reynolds number are the dominating parameters affecting the Nusselt numbers 

of the slurry when the slurry is involving in the laminar flow conditions.  
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Figure 4.14 Comparison of measured and predicted average Nusselt numbers     

for laminar MPCM slurry flows 

 

The average heat transfer coefficients under turbulent flow conditions were 

calculated for MPCM slurry based on the measured local heat transfer coefficients. 

The average Nusselt numbers are plotted in Figure 4.15 for runs conducted at 

different Reynolds numbers Re= 2100 – 3452 and different heating rates Q& = 548.4 – 

1228.6 W for the slurries with particle mass concentrations of 5 % and 10 %. The 

average Nusselt numbers of the water were calculated by the correlation equation 

given by Gnielinski (1976) for single-phase fluid flow in the Reynolds number range 

between 2300 and 104 under uniform heat flux conditions, 
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where  

                                               ( ) 2
101.82log Re 1.64f −= −                                        

As shown in Figure 4.15, the discrepancies between the predicted average Nusselt 

values and the experiment values for pure water under turbulent flow conditions 

were less than 8 %, and the experimental values for pure water were always higher 

than the predicted values. This is perhaps duo to the improper use of the Gnielinsiki 

correlation to calculate the heat transfer coefficients. Gnielinski correlation is 

suitable for fully developed turbulent single-phase fluid flow. However, the water 

flows here were confined in thermally developing and hydraulically developed flow 

regions.  
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Figure 4.15 Comparison of measured and predicted average Nusselt numbers 

for turbulent MPCM slurry flows 
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In Figure 4.15, the average Nusselt number increased with Reynolds numbers both 

for the MPCM slurry flow and pure water flow, the enhanced heat transfer 

performance was achieved for the slurry with particle mass concentration of 5 % and 

for slurry with particle concentration of 10 %, 1 – 2.5 times higher average Nusselt 

numbers were obtained in comparison with those of single-phase fluid flow. A 

surprising result found in Figure 4.14 is that the average Nusselt numbers for slurry 

of 5 % MPCM particle mass concentration were higher than those of 10 % 

concentration at the same Reynolds number condition. Such phenomenon can be 

probably due to the degradation of the turbulent degree with higher loading of the 

particles with the size of several microns. As reported by Liu et al. (1988), there 

exists a threshold of particle size in augmentation of the heat transfer of the slurry, 

when solid particles are smaller than such sizes, a degradation of heat transfer will be 

achieved, and when particles are bigger than such size, there will be enhancement in 

heat transfer performance for a specific test tube. Higher loading of solid particles 

may further degrade the heat transfer performance. This is also the reason why heat 

transfer coefficient was lower than that of pure water just after all MPCM particle 

cores melted at the end of the Region II as shown in Figures 4.12 and 4.13.  

 

4.4.5 Average Heat Transfer Correlations  

 

The dimensionless correlations are required for the design purposes to predict the 

convective heat transfer of MPCM slurry in a horizontal circular tube. Due to the 

presence of microencapsulated PCM particles in the water, correlation equations for 
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a single-phase flow, however, failed to predict the heat transfer behaviors of MPCM 

slurry, hence new correlations should be proposed.  

 

Several empirical correlations have been reported to predict the heat transfer 

characteristics of solid-liquid slurry flows without phase-change in the pipes. 

Salamone and Newman (1955) investigated the heat transfer of the water suspensions 

of solid particles of copper, carbon, chalk and silica with various size ranges from 1.5 

to 56 μm and with concentrations varying from 2.3 % to 10.7 % (by volume) in a 

horizontal pipe and derived the following correlation, 

 

                              
0.05 0.05 0.35

,0.62 0.72

,

0.131Re Pr p p p

f p p f

k CDNu
k d C

⎛ ⎞ ⎛ ⎞ ⎛ ⎞
= ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠
                (4.14) 

for 14,000 Re 140,000≤ ≤ , 3.4 Pr 12.7≤ ≤ , 0.53 / 12.7p fk k≤ ≤ , 

282 / 10,500pD d≤ ≤  and , ,0.09 / 0.22p p p fC C≤ ≤ .  

 

Harada et al. (1975) also investigated the water suspensions of glass beads with 

particle diameters varying from 0.06 to 1.0 mm in volume fraction of 0-10 % in a 

horizontal pipe. However, their experimental data could not be fitted well by the 

Salamone and Newmans’ correlation due to the different kinds of particles used in 

each investigation. Base on the Sieder-Tate equation, the following correlation was 

proposed, 

                                           
0.14
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                            (4.15)      

for 8,000≤Re≤50,000, 0.01≤ m& ≤0.1, 0.0024≤d/D≤0.071. And the accuracy of the 

correlation is approximately ±15 %. 
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On the basis of their experimental data, Özbelge and Somer (1994) derived a 

correlation for heat transfer of dilute liquid-solid flow in a horizontal pipe, which is 

given as 
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                      (4.16) 

               

for 27,000≤Re≤120,000, 2.1≤Pr≤3.4, 1.17≤μf/μw≤1.83, 182≤D/dp≤512, 

0.5%≤wp≤3%. And the accuracy of the correlation is approximately 20 %. 

 

In this work, due to the presence of the MPCM particles in the fluid, the heat transfer 

process can be divided as two distinguished regions, the regions with phase change 

and without phase change. The corresponding heat transfer coefficient of two regions 

can be obtained separately. The average heat transfer coefficients of slurry without 

phase change can be calculated by Equations (4.14), (4.15) and (4.16). And the 

average heat transfer equations for solid-liquid slurry with phase change can be 

obtained based on the experimental data. 

 

Although Equations (4.14), (4.15) and (4.16) were not consistent due to different 

experimental conditions and particular slurry used, they can be expressed with a 

function of Nu = f (Re, Pr, D/dp, kp/kf, Cp,p/Cp,f, μs/μw) in general. According to our 

literature review and experimental investigations of MPCM slurries, particle 

diameter, thermal conductivity ratio and heat capacity ratio have little effect on the 

heat transfer characteristics, due to the presence of the microencapsulated PCM 

particles in the slurry, however, the latent heat of the material and the heat flux 
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imposed on the test tube significantly influence phase change processes of the 

MPCM particles along the flow direction in the test tube, and thus affect the heat 

transfer performance of the slurry. The latent heat and heat flux effects can be 

described by a dimensionless parameter Stefan number (Goel et al. 1993), which is 

defined as 

 

                                                   , /
/

p b w d b

p m p b

C q R k
Ste

w H ρ ρ
=

Δ
                                           (4.17) 

where Rd is the radius of the test tube.  

 

The phase change region (L1+L2) of the MPCM particles in the test tube can be 

described as a dimensionless parameter (L1+L2)/D. Therefore a general form of Nu = 

f (Re, Pr, Ste,(L1+L2)/D, μs/μw) is obtained in this investigation to describe the heat 

transfer characteristics of MPCM slurry in the phase change region of the test tube. 

 

For laminar MPCM slurry flow, the following dimensionless parameters are used to 

account for the effect of MPCM particles under the laminar flow conditions: average 

Reynolds (Rem), average Prandtl number (Prm), Stefan number (Ste), and phase 

change region length ((L1+L2)/D)). A linear model was proposed based on the 

regression analysis of heat transfer coefficient data. The coefficients of the proposed 

model were determined by the Least Square Method,32 which yields the following 

correlation equation giving best fit with the present experimental data for 60 < Rem < 

2200, 12 < Prm < 73 and 0.05 < wp < 0.276: 

  

                     ( ) 0.30590.4593 0.4836 0.1277
1 20.8148Re Pr /m m mNu Ste L L D

−−= +⎡ ⎤⎣ ⎦             (4.18)                        
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As can been seen from Equation (4.18), the heat transfer correlation equation of 

slurry in the phase change region has negative powers of Stefan number and phase 

change region length and positive powers of Reynolds number and Prandtl number. 

This quite accords with the phenomena presented in Figure 4.14, the average heat 

transfer coefficient increases with the amount of PCM particles suspended in the 

water.  

 

Figure 4.16 compares the experimental heat transfer results with those predicted by 

the Equation (4.18), all the experimental data can be predicted by Equation (4.18) 

with a standard deviation within ±10 %. 

 

For the turbulent MPCM slurry flow, dimensionless analysis was also used in the 

derivation of heat transfer correlation. The first four groups are the average Reynolds 

number (Rem), average Prandtl number (Prm) and the phase change region length 

((L1+L2)/D)). The dimensionless group (μs/μw) is a correction factor to account for 

the effect of wall temperature on the heat transfer coefficient. The coefficients of 

proposed regression model were determined by the Least Square Method (Watson 

1955), which yielded the following correlation giving the best fit with the present 

experimental data for 2100 < Re < 3500, 13 < Pr < 15 and 0.05 < wp < 0.1: 

                     

( ) ( )0..333 2.43494 0.7733 2.7941 0.3159
1 24.8527 10 Re Pr / /m m m m wNu Ste L L D μ μ

− −−= × +⎡ ⎤⎣ ⎦   (4.19) 

 

where µm is the average dynamic viscosity of the slurry in the phase change region, 

µw average dynamic viscosity of water calculated based on the inner tube wall 

temperature.  
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Figure 4.17 compares the experimental heat transfer results with those predicted by 

Equation (4.19), all the data can be predicted with Equation (4.19) with a standard 

deviation within ±10 %.  

   

Equation (4.19) differs from the Equations (4.14), (4.15) and (4.16), which can be 

explained by as follows, 

Equations (4.14), (4.15) and (4.16) were obtained at very high Reynolds number 

without phase change, while the present experiments covered slightly turbulent flow 

(2100 < Re < 3500) and considered latent effect of the MPCM particles. Although 

the higher power of 0.7733 of Reynolds number in Equation (4.19) is similar to the 

power of 0.62-0.88 in Equations (4.14), (4.15) and (4.16), the power of Prandtl 

number is much higher than those presented in the previous equations due to the low 

thermal conductivity of the MPCM particles. On the other hand, due to the latent 

heat effect of slurry with suspended MPCM particles, the latent heat, heat flux of the 

test tube and length of phase change region are included in Equation (4.19).  

 

In the present work, the particle mass fraction takes negative effect on the heat 

transfer coefficient, and this phenomenon can also be found in Figure 4.15, the 

higher loading of the fine MPCM particles decreases the turbulent degree of slurry 

under turbulent flow conditions. This effect is also reflected by a pronounced 

negative power of the viscosity ratio in Equation (4.19). According to our present 

manufacturing technique of MPCM particles, only can particle size of 1-30 µm be 

produced. With the development of the micro-encapsulation technique, the effect of 

particle size on the heat transfer performance of slurry along the horizontal test tube 

will be examined in our future research.  
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Figure 4.16 Comparison of average measured and predicted Nusselt numbers 

for laminar MPCM slurry flow 
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Figure 4.17 Comparison of measured and predicted average Nusselt numbers 

for turbulent MPCM slurry flow 
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4.5 Summary 

 

An experimental study was performed both in laminar and slightly turbulent flow 

velocity ranges to investigate the heat transfer characteristics of MPCM slurries in a 

horizontal circular test tube with constant heating rates. The local heat transfer 

coefficients were measured and reported at steady state and varied significantly along 

the flow direction in the test tube. The local heat transfer coefficients for MPCM 

slurry in the laminar flow were always higher than those for pure water due to the 

associated latent heat effect during the phase change processes. In the case of 

turbulent flow, local heat transfer coefficients were significantly influenced by the 

heating rates across the test section, the maximum values of heat transfer coefficient 

appeared earlier for higher heating rate case than those for a lower heating rate case, 

and the heat transfer performance are not only affected by the latent heat effect, but 

also are greatly influenced by the turbulent degree of the MPCM slurry. A new 

laminar heat transfer correlation equation to describe the local heat transfer behaviors 

of the MPCM slurry was proposed from appropriate dimensionless group in the 

conventional convective correlations that could satisfactorily predict the local heat 

transfer data within the error of ±15 %.  

 

The average heat transfer behaviors of MPCM slurry in a horizontal circular test tube 

were also investigated. The average heat transfer coefficients under both laminar and 

turbulent flow conditions were higher than those for pure water. The average heat 

transfer coefficients increased with the increasing of the MPCM particle mass 

concentration in the slurry, heat transfer enhancement up to 167 % was achieved 

when particle mass concentration was 27.6 %.  In the case of turbulent flow, about 1-
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2.5 times relative to pure water was found in turbulent slurry flow while a 

degradation of heat transfer performance was found at a higher particle load of the 

slurry.  

 

The average heat transfer behaviors were modeled by applying appropriate properties 

modified from correlations from solid-liquid mixture without phase-change effect. A 

new laminar heat transfer correlation using dimensionless groups, which predicts the 

average heat transfer data within an error of ±10 %, was proposed for the slurry in 

the phase change region along the slurry flow direction in the test tube. A new 

turbulent heat transfer correlation using dimensionless group, which predicts the 

average heat transfer data with standard deviation within ±10 %, was also proposed. 

The experimental data for turbulent slurry flow were performed only with two slurry 

particle concentrations, which might limit the wide application of the correlation 

equation.  The new correlations, derived based on the series of experimental coving 

in both laminar and slightly turbulent flow conditions, should be useful for the design 

of the new compact exchangers with MPCM slurry applications. 
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Chapter 5  

Performance of Cooled Ceiling Operating with MPCM Slurry for 

Thermal Storage 

5.1 Introduction 

 

Traditionally, the HVAC systems are designed as all-air systems, which provide 

heating, ventilation and cooling by circulating air through spaces to maintain the 

desired conditions. In other words, such systems employ air not only for the 

ventilation task, but also as a heat transfer medium. A popular example of this 

system is variable air volume (VAV) system. In order to keep the room temperature 

at the comfortable range, a large amount of air is recirculated to the space by all-air 

systems, only small fraction of supply air is fresh air needed for the ventilation. One 

of the alternative systems that gives energy saving potential and provides high indoor 

air quality is a combined system of CC and DV system. CC system removes the 

sensible heat by both radiation and convection, and DV system supplies the fresh air 

at floor level for the ventilation purpose, the combine system of CC and DV separate 

the tasks of the ventilation and thermal conditioning of the buildings, which results in 

the reduction of the energy consumption and the enhancement of the thermal comfort.  

 

In previous chapters, the flow and heat transfer characteristics of MPCM slurry are 

investigated. The experimental results indicate promising applications of MPCM 

slurry as a heat transfer and storage medium. On the other hand, the CCs operate 

with relatively high chilled water temperatures, usually around 14-20 oC, which 

makes it possible to use the MPCM slurry as a heat transfer medium circulating in 
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the ceiling panels. MPCM slurry can be stored in tanks for later use, which allows for 

the benefits of peak load reduction and also allows for shifting the cooling load from 

the daytime to the nighttime, when electricity tariff is low and the chiller COP is 

high. In comparison with the current ice-storage method which operates at the 

temperature of 0 oC, the primary advantage of the combined system of CC and 

MPCM slurry storage is that the chiller efficiency will be significantly raised.  

 

This chapter will first introduce the system design of the combined CC and MPCM 

slurry storage. The mathematical model of the new integrated system will be 

formulated for the analysis. Based on the simulation results, the feasibility of the 

integrated system to realize desirable level of thermal comfort, energy saving and 

economic benefit will be explored. The reduction of peak electricity demand of the 

integrated system by using nighttime off-peak electricity refrigeration will be 

assessed and electricity tariff structures that encourage the use of the system will also 

be examined.  

 

5.2 Methodology  

5.2.1 Properties of MPCM Slurry 

The original MPCM slurry was prepared via a micro-encapsulation process and 

consisted of microencapsulated hexadecane (C16H34) particles and the pure water. 

The MPCM particle used industrial-grade hexadecane, with a melting temperature, 

Tm=18.1 oC and latent heating of melting, ΔHm= 224 kJ/kg, as the core material and 

Amino plastics as the shell material, respectively. The core-shell ratio was controlled 

to be about 7:1 by weight during the preparing process. The phase transition point 
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and latent heat of hexadecane with and without micro-encapsulation were measured 

by a Differential Scanning Calorimeter (Perkin Elmer DSC7) at heating/cooling rate 

of 5 oC/min.  

The heat storage and heat transfer of MPCM slurry in the storage tank are associated 

with the following dependent properties: density, thermal conductivity, specific heat 

capacity, latent heat. These properties depend on the type of PCM, shell material and 

its carrier fluid, and the particle concentrations. These properties were calculated by 

the weighted fraction of the individual properties of PCM, coating material and water 

based on the mass and energy balance by the Equations (3.1), (3.2), and (3.3) and are 

given in Table 5.1.  

Table 5.1 Property of the MPCM slurry and its components  

  Specific  Thermal Latent 

  Density  heat  conductivity  Heat 

 kg.m-3 J.kg-1. oC-1 W.m-1. oC-1 kJ.kg-1 

Hexadecane (solid)  780 1805 0.4 224 

                   (liquid)                770 2221 0.21  

Urea-formaldehyde  1490 1675 0.433  

Water (at 20  oC)  998 4183 0.599  

MPCM particle (solid) 829 1789 0.382 196 

                        (liquid)             819 2153 0.203  

MPCM Slurry (mass fraction)     

              Φ=0.1 987 3945 0.575 19.6 

              Φ=0.2 976 3707 0.551 39.2 

              Φ=0.3 933 3470 0.528 58.8 

              Φ=0.4 911 3232 0.505 78.4 
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5.2.2 System Description  

 

A system combining CC with MPCM slurry tank is showed in Figure 5.1. Water-

type ceiling panels are installed in the room to extract the sensible load. Air is cooled 

and dehumidified by a conventional air handing unit (AHU), then it is supplied to the 

room at minimum ventilation rate for the ventilation purpose. A tank is used for 

storing the MPCM slurry and a stirrer is installed in the tank to keep the slurry well 

mixed. Storage of the MPCM slurry in a tank allows for running the chiller by the 

nighttime electricity and storing the cooling as the form of latent heat in the MPCM 

particle cores. During the working hours, the MPCM slurry is circulated through the 

ceiling panels by a screw pump, and it completes the phase change process from 

solid to liquid and absorbing room heat both convectively via CC panels.  

 

 

 

 

 

 

 

 

Figure 5.1 Schematic diagram of cooled ceiling integrated with MPCM slurry 

tank 
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Ventilation distribution is provided by a separate ventilation system, and the recent 

trend is to use displacement air distribution method, which supplies the fresh air from 

the floor level at a low velocity and exhausts the air at the ceiling via lighting-

troffers. With this strategy, the fresh air is delivered to where the occupants require it 

and the odors and airborne contaminants are carried to the upper part of a space and 

exhausted. A better indoor air quality is thus obtained in comparison with the 

traditional well-mixed air-distribution methods. 

5.2.3 Modeling the combined system 

 

The performance of the system is evaluated by a previously validated building 

energy simulation code ACCURCY (Chen and Kooi 1994, Niu and Kooi 1994, Niu 

et al. 1995). It is based on a room-energy-balance method, the ceiling panels are 

treated as individual surfaces which exchange heat convectively with the room air 

and radiantly with other surfaces. Heat conduction within the ceiling panels is treated 

in a one-dimensional way using a three-nodal-point model. The program calculates 

not only the cooling load, but also the required supply water temperature or air 

temperature for different panel installation areas. Adopting such building dynamic 

simulation model, the hour-by-hour data of heating/cooling loads, room air 

temperature and other components of the room with ceiling panels running with 

water are therefore calculated.  

 

The model programs have been validated comprehensively for a given internal 

climate. The test room has a heavy concrete floor and roof, 175 mm thick, and 

medium-weight sidewalls of 80 mm thick expanded concrete. The ceiling panel area 

consists of 30 % of the total false ceiling area. The test room is located in a 
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laboratory which has a fairly constant temperature of around 19 oC. The test room 

was equilibrated by closing the door for a couple of days. Three 150 W light bulbs, 

each in a double-layer, multi-hole box, were switched on to generate 450 W 

convective heat. After 48 hours the cooled ceiling was switched on with chilled 

water supplied at a constant flow rate and controlled constant inlet temperature 

around 19 oC. During these three processes all the surface temperatures inside the 

room, the ceiling panel temperature, the air temperatures in the vertical mid-plane of 

the room and cavity, the inlet and outlet temperature of the water are measured and 

recorded in a data file. The validation procedure is as follows. Using the measured 

equilibrium temperature as the initial conditions, and the water supply rate and 

temperature as inputs for the dynamic program, the corresponding ceiling panel 

surface temperature and heat extraction rates are simulated and found in reasonable 

agreement with the measured values. The discrepancies between the measured and 

calculated temperature values for enclosure surface, room air and ceiling panel 

surface are less than 8 %. The discrepancy between the measured and calculated heat 

extraction rates is less than 5 %. More detailed discussions about the experimental 

validation of the predicted wall surface temperatures, room air temperatures, ceiling 

panel surface temperatures and the heat extraction rates by the ceiling panels are 

given elsewhere (Niu and Kooi 1994, Niu and Kooi 1997). 

 

For the current analysis, the MPCM slurry is used as the heat transfer fluid, the 

effective heat capacity of the working fluid is significantly enhanced due to the 

presence of the MPCM particles in the slurry. Thus the previous simulation program 

should be modified to adapt the new heat transfer medium, which is realized by 

replacing the specific heat of the water with the effective heat capacity of the MPCM 
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slurry and the convective heat transfer coefficient of the water with that of the 

MPCM slurry.  The effect heat capacity of the MPCM slurry is calculated by  

                          ( )
,

,.

,

if
/ if
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p MPCM s m

p MPCM f pa s mp eff s

p MPCM s m

C T T
C H T T TC T
C T T
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⎧ <
⎪= + ⋅Δ Δ =⎨
⎪ >⎩

                        (5.1) 

where Cp,MPCM  is the specific heat capacity of the MPCM slurry, φ  the mass fraction 

of MPCM particles in the slurry, ∆Hf latent heat of fusion of the MPCM particles, 

∆Tpa the temperature difference between the inlet and outlet slurries of the ceiling 

panels. In general, the latent heat of fusion of MPCM slurry is about 15 times of the 

sensible specific heat of the water. Therefore, the effective heat capacity of MPCM 

slurry is obviously increased during the phase change process.  

 

Heat transfer coefficients on the slurry side are calculated by the correlation 

equations based on our previous experiments for the MPCM slurry with particle 

mass fractions varying from 0.02 to 0.3. When the slurry flow is under laminar 

conditions (60 < Rem < 2200, 12 < Prm < 73), heat transfer coefficients are calculated 

by Equations (4.18). When the slurry flow is under turbulent conditions (Re ≥ 2100, 

13 < Pr < 15), heat transfer coefficients are calculated by Equation (4.19). 

       

5.2.4 MPCM Slurry Storage Tank Model 

 

The MCPM slurry in the slurry storage tank is assumed to be ideally mixed during 

the operation of the system. The viscosity of the slurry is assumed to be unchanged 

during the system operation period. The slurry tank is modeled using energy and 

mass balance methods, based on the quantity and state of the slurry flowing from and 
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returning to the tank. Small temperature variations are expected during the charging 

and discharging process to have a maximized average temperature difference 

between the tank and the refrigerant throughout the charging process, and therefore 

temperature stratification in the tank is minimal. This is different from chilled-water 

storage, in which heat is stored as sensible heat, and large temperature stratification 

exists and can be used to maximize the storage capacity at a given tank size 

(Bahnfleth and Joyce 1994) 

 

It is assumed that the slurry in the tank has been fully charged by the chiller in the 

nighttime. When the slurry temperature Tslurry is lower than the PCM melting 

temperature, the heat transfer in the slurry tank takes as the forms of the sensible 

heat. The energy and mass balance equations for the slurry in the tank is therefore 

obtained as follows 

 Energy balance: 

 

, , ,
slurry

eff p eff eff f slurry p eff return slurry p eff slurry f

dT dVC V H m C T m C m H
d d

φρ ρ φ
τ τ

− Δ = − + Δ& & &     (5.2)  

 Mass balance: 

                                                     eff f
dV H m
d
φρ φ
τ

Δ = − &                                           (5.3)                

 

where ρeff  is the density of the slurry, V the volume of the tank, m&  mass flow rate of 

the slurry flowing in and returning to the tank, τ  the time. 

 

When the slurry temperature in the tank reaches the melting temperature Tm of the 

PCM, the heat transfer in the tank takes as the form of the latent effect and the 
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temperature of slurry remains constant at the value of Tm. The mass and energy 

balance equations in this stage are given as 

Energy balance: 

                                                             slurry mT T=                                                    (5.4)                        

Mass balance: 

 

                    , ,eff f slurry p eff return slurry p eff slurry f
dV H m C T m C m H
d
φρ φ
τ

− Δ = − + Δ& & &               (5.5)       

When the slurry temperature in the tank is higher than the melting temperature of the 

PCM, all PCM particle cores in the slurry are in the liquid state and the heat 

exchanges both in the tank and the ceiling panel take the form of the sensible heat. 

Thus the energy equation is solely sufficient to solve the temperature variations in 

the tank, which is given as 

                              , , ,
slurry

eff p eff slurry p eff return slurry p eff

dT
VC m C T m C

d
ρ

τ
= −& &                       (5.6) 

                      

5.2.5 Primary Equipment Models 

 

To evaluate the energy performance of the buildings, the equipment energy uses are 

required to be estimated for the primary equipment such as the boiler, the 

compressor, the water pumps and the air fans. In this study, a kind of semi-empirical 

model is used for building energy analysis calculations.  

 

The required electric power input for a chiller is calculated by 

 



 

 122

                                       Chiller Power = /cQ COP                                                (5.7)                        

 

Where Qc and COP are the cooling capacity and coefficient of performance of the 

chiller, respectively. For a specific system, the COP is the function of the required 

chiller water temperature, the ambient temperature and humidity, as well as the 

operation capacity. 

Fan and pump energy are important factors in evaluating the annual energy 

consumption of an HVAC system. Fan (pump) performances can be characterized by 

its efficiency, which itself is dependent on the operation air (fluid) flow rate. In 

general, rated volumetric flow rate, pressure rise and efficiency are available from 

the manufacturer. Then the rated power of a fan (pump) can be calculated by 

 

                                   Fan (pump) power = /(3600 )fV p ηΔ&                                (5.8) 

                              

where  V&  is the air volumetric flow rate, ∆p fan total pressure rise, ηf fan (pump) 

efficiency.  

 

However, the effectiveness of the primary equipment normally relates to the design 

and operation conditions. To simplify analysis, effectiveness values, e.g. boiler 

efficiency, fan efficiency and fan total pressure rise, are assumed to be constant 

values.  

 

5.2.6 Simulation Considerations 
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To evaluate the energy performance of a cooled ceiling system operating with the 

MPCM slurry,  a typical office room in a south-facing high-rise building in Hong 

Kong (22oN, 114oE) is picked up for the analysis. The room is assumed to be situated 

in the intermediate story, with identical adjacent rooms, and above and below. The 

room is 5.1 m long, 3.6 m wide and 2.6 m high. The facing-south façade has a 2.88 

m2 double glazing area with center-of-glass U value of 1.31 W/(m2.oC). The window 

is equipped with venetian blinds outside. The external wall consists of three layers: 

180 mm thick concrete slab inside; 200 mm thick brick outside; 60 mm insulation in 

between. The combined heat transmission coefficient of the façade is 1.28 

W/(m2.oC).The floor and ceiling are 320 mm thick concrete slab bases with 70 mm 

thick outside cement layers. The partition walls are made of 26 mm gypsum board. 

The south wall is the external wall and the north wall is adjacent to a corridor. It is 

determined that about 60 % of the ceiling is covered with cooled ceiling panels when 

cooled ceiling system is applied. 

 

The building is occupied only in the working hours with a schedule from 9:00 to 

18:00. In the working hours, constant internal sensible loads of 800 W of equipment 

and lighting are set for the simulation, or about 44 W/m2 floor area. 37% of these 

loads are considered to be radiant heat. In the calculation of the cooling load, no air 

infiltration occurs. The operating hours of the ceiling panels and ventilation system 

are also scheduled from 9:00 to 18:00.  

 

The processed air is supplied at a rate of 100m3/h, which is about 2 ach in terms of 

the room volume. This flow rate will meet the ventilation requirement for three 

persons according to the ASHREA standard. The outside air is firstly cooled and 
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dehumidified, and then supplied at the temperature of 13 oC to DV. The slurry flow 

rate varies from 0.009 to 0.03 kg/s according to the different cooling seasons. 

 

The typical reference year weather data of Hong Kong is used as outside conditions 

in the calculations. The weather file was obtained based on a 1982-1997 period of 

record obtained from the Chinese National Climatic Data Center (U.S. Department of 

Energy). For present simulation, the performances of the primary equipment are 

modeled with certain constant indices (AHRAE 2001):  The COP of the chiller is 

assumed to be 4.0 when working at the evaporating temperature of 13oC for charging 

the MPCM slurry, 3.2 when the evaporating temperature is 5oC for chilled water 

production and 2.2 when the evaporating temperature of -5oC for ice-making; the 

boiler efficiency is 0.75 and fan efficiency is 0.6; the pump efficiency is 0.70; the fan 

pressure rise is 1400 Pa for the air; the pump pressure is 0.2 bar for the heat 

exchanger in the slurry tank and 0.4 bar for the ceiling panels.  

 

The slurry in the storage tank, with a MPCM particle fraction of 0.3, is cooled by the 

chiller using off-peak electricity during the period from 22:00 to 8:00 in the 

nighttime, and.by 8:00 in the morning, the tank is fully charged and all the PCM 

changes to solid state, and the corresponding slurry temperature is assumed to be 

equal to the PCM melting temperature of 18oC. During the working hours, the slurry 

is circulated through the ceiling-panels, and the flow rate is regulated according to 

the room cooling requirement. 
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5.3 Simulation Results 

5.3.1 Estimation of Slurry Storage Tank Size 

 

The slurry tank dimension is determined by the daily working hours and hourly 

required cooling load, which can be estimated by the dynamic system model of the 

combined system of CC and MPCM slurry storage. With MPCM slurry storage tank 

model integrated into the building energy simulation code ACCURACY, both the 

dynamic behaviors of slurry in the storage tank and the room thermal behaviors can 

be predicted. The dynamic behaviors of slurry and room air temperature variations 

with different slurry tank volumes are given in Figure 5.2 for a typical summer day 

on 15 July and at a slurry mass flow rate of 0.03 kg/s. The panel inlet slurry 

temperature, mass fraction of the solidified MPCM particle cores and room air 

temperature are displayed, when running 9 hours a day.  

 

It is observed from Figure 5.2 that all MPCM particles for the tank with a volume of 

0.4 m3 complete the phase change from solid to liquid at the time of 16:00, while 

there are still solidified MPCM particle cores left in the slurry for the tank with the 

volumes of 0.52 and 0.6 m3. Thus, the larger the size of the slurry tank, the more 

solidified PCM particle cores left in the tank at the end of the working hours. It is 

also found that the slurry temperature of the ceiling panels remains constant for the 

tank with volumes of 0.52 or 0.6 m3, while the slurry temperatures are raised above 

the melting temperature of the PCM during the last two working hours in a day for 

the tank with the volume of 0.4 m2. On the other hand, the room temperature is also 

significantly influenced by the size of the tank. The room temperature exceeds 26oC, 

higher than the required 25.5oC, when the tank volume is 0.4 m3, and the room 
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temperature can be maintained below 26oC when the tank volume is higher than 0.52 

m2. 
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Figure 5.2 Dynamic behaviors of the storage tank and room air temperature 

variations 

 

In order to fulfill the cooling requirements of the room and maintain a comfortable 

indoor environment, a suitable volume of slurry storage tank should be chosen based 

on the dynamic simulation of the combined system. Based on the above analysis of 

the influence of the tank volume on the dynamic thermal behaviors of the slurry in 

the tank and the air temperature variations in the room, the tank volume should be 

determined by letting the latent cooling storage equal to the summation of the space 

cooling load on the peak load day. There should be solidified MPCM particles 
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presented in the storage tank all the times during the operation of the air conditioning 

system. Although a bigger size of the tank means a higher effective cooling capacity 

during the system operation, the corresponding investment cost for the storage tank 

and required MPCM slurry quantity are also higher. In the present situation, a tank 

with volume of 0.52 m2 for a room of 5.1 x 3.6 m2 floor area is able to shift the 

ceiling load from the daytime to nighttime and maintains a comfortable indoor 

environment.  

5.3.2 Required Heat Extraction Rates 

 

ACCURACY calculates the required heat extraction rates from the room, together 

with the extracted temperatures, inlet and outlet slurry temperatures across the 

ceiling panels, by obtaining the temperatures of each component in the room through 

the heat balance calculations. These data are obtained hourly. The supply slurry flow 

rate to the ceiling panel is controlled to maintain the desired room air temperature 

and a higher panel slurry outlet temperature than the melting temperature of the 

PCM. A sample of one day is listed in Table 5.2 for the CC system operating with 

MPCM slurry.  It is noticed that the required heat extraction rate is higher in the first 

half of the day, but relatively lower in the second half of the day. This is mainly due 

to the inertia of the building structures. The direct absorption of radiant heat by the 

ceiling panels reduces the heat accumulation in the wall. It is also seen that that the 

MPCM particle mass fraction in the slurry tank decreases from 0.3 to 0.01 as the 

MPCM particles absorb part of the sensible heating load of the room.  
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Figure 5.3 Monthly averaged cooling loads by the panels and the air 

 

The monthly heat extractions are shown in Figure 5.3 for a CC system operating with 

MPCM slurry. It can be seen that a large fraction of the sensible heat is extracted by 

the ceiling panel and only small fraction of sensible heat is extracted by the air 

especially during the summer period. The cooling load of the CC varies a lot with the 

months and has a maximum value in July. While cooling load removed by the air is 

similar each month because of the same minimum air ventilation rates of 2 ACH 

used for each month. It is found that the cooling load is needed in a whole year 

period due to the fact that the weather in Hong Kong is very hot and heat generation 

is very large in the office rooms, for instance, the cooling load is still as high as 42 

W/m2 in January. In other words, the cooled ceiling should run all the year round in 

Hong Kong.   
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Table 5.2 Hourly heat extraction rates and temperature room component on 15 July 

Hour Outside Panel slurry Panel slurry Ceiling Supply Room Solidified MCPM Slurry mass Heat extraction Heat extraction
dry bulb(oC)  in (oC) out (oC) panels (oC) air (oC) air (oC) particle fraction  flow (kg/s) by air (W) by panel (W)

1 28.9 25.9 26
2 28.8 25.9 26.1
3 28.6 25.9 26.1
4 28.4 25.9 26.1
5 28.3 26.0 26.1
6 28.0 26.0 26.1
7 28.2 26.0 26.1
8 28.7 26.2 26.3
9 29.4 26.4 26.4 0.30

10 30.4 18.0 20.5 26.1 13.0 25.9 0.23 0.03 371 1210
11 31.9 18.0 19.8 25.9 13.0 25.8 0.18 0.03 366 1196
12 32.1 18.0 19.6 25.8 13.0 25.7 0.15 0.03 364 1173
13 32.2 18.0 19.7 25.8 13.0 25.7 0.12 0.03 363 1124
14 32.8 18.0 20.0 25.7 13.0 25.7 0.09 0.03 362 1048
15 32.6 18.0 20.4 25.7 13.0 25.6 0.07 0.03 362 946
16 33.0 18.0 20.9 25.7 13.0 25.6 0.05 0.03 362 840
17 32.4 18.0 21.4 25.6 13.0 25.6 0.03 0.03 361 742
18 31.8 18.0 21.9 25.7 13.0 25.7 0.01 0.03 364 665
19 31.3 25.5 25.6
20 30.8 25.6 25.8
21 30.8 25.8 25.9
22 30.7 25.9 26.1
23 30.0 26.0 26.1
24 30.6 26.0 26.2  
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5.3.3 Load Shifting and Reduction of Electricity Charges 

 

The electricity demand of the system operating with and without MPCM slurry 

storage are shown in Figure 5.4, which were calculated by the ACCURCY for a 

typical day on 15 July. Shifting the cooling load of the CC panel to nighttime 

operation of chiller by charging the MPCM slurry is shown, and the daytime 

electricity demand is reduced by about 33% for the office room simulated. The 

energy consumption for a pump seems to be relatively small compared with those of 

the other equipment as shown in Figure 5.4. In Hong Kong, the air humidity is 

generally very high, and cooling for dehumidification is required most time of the 

year, and therefore the chiller consumes more energy for generating the chilled water 

for AHU than that for charging MPCM slurry. 

  

When the peak demand of 1071 W of a conventional CC system is shifted using a 

cooling storage system as shown in Figure 5.4, a chiller with a reduced capacity of 

748 W can fully meet the cooling demand, which means reduced size of the chiller. 

The gap between the peak and valley electricity demand is 1071 W without the 

cooling storage, is reduced to 552 W with MPCM slurry cooling storage.  This 

certainly contributes to sustain the stability of the electricity supply grid. Since 

different electricity tariffs during the night period and day period are applied in many 

cities in China, and the electricity tariff in the nighttime is about 1/3 to 1/2 of that in 

the daytime. Thus the shifting the electrical consumption from the daytime to 

nighttime provides significant economic benefits to the building users. 
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Figure 5.4 Electricity demands of cooling ceiling systems: (a) Running with 

water (b) Running with MPCM slurry 

5.3.4. Annual Energy Consumption and Cost 

 

The energy requirement for the air handling is predicted based on the psychometric 

processes (Niu et al. 1995), then the energy required for the primary equipment can 

be calculated. The performances of three cases, namely, the CC system running with 

water, the CC system combined with MPCM slurry storage and the CC system 

integrated with ice storage are compared in this study. In case 1, the chiller supplies 

the cooling for both the AHU and water in the daytime. In both case 2 and case 3 the 

CC systems are integrated with thermal storage systems. In case 2, the MPCM slurry 

in storage tank is charged the cooling supplied by the chiller during the nighttime, the 

slurry is then circulated in the ceiling panel as heat transfer medium during working 

hours to remove the sensible heating load of the occupied space in the daytime. The 

dehumidification of the fresh air is realized by the conventional AHU as that of case 
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1. While in case 3, the ice storage is charged in the nighttime, the cooling loads of 

both AHU and ceiling panel are supplied by the ice storage in the daytime. Case 2 is 

part cooling load shifting and shifts only the cooling load of ceiling panels from the 

daytime to the nighttime, while case 3 shifts all cooling load needed for the air 

conditioning system from the daytime to nighttime. 

Table 5.3 Yearly energy consumptions of three cases 

Thermal energy Chiller (kW.h) Fan Pump Total 

storage medium* water/slurry AHU (kW.h) (kW.h) (kW.h) 

— 377 614 154 23 1167 

MPCM slurry (18oC) 377 614 154 4 1148 

Ice  storage (0oC) 1801 0 154 25 1980 

*Note: COP is 4.0 for MPCM slurry storage and 2.2 for ice storage 

 

The resulting annual primary energy consumptions of three systems are presented in 

Table 5.3. The rooms are ventilated with dehumidified air at a constant rate of 2 ach 

for all three cases, thus the same fan energy consumption for three systems are 

calculated. It should be noticed that the energy consumption of the chillers for CC 

running with water and MPCM slurry are the same since the same COP of chillers is 

assumed for the system operating both in the daytime and nighttime. In practical 

operation, the COP of a chiller in the nighttime might be higher due to the lower 

ambient temperature and higher evaporative temperatures for MPCM slurry 

charging, and therefore the required input electric power for the chiller running in the 

nighttime would be lower than calculated here. Table 5.3 indicates that the pump 

energy consumption for the case 2 is lower than those of case 1 and case 3, although 

it is not so significant. The reason is that the MPCM slurry has 2-2.5 times of heat 

transfer coefficient that that of the pure water as investigated by our previous 
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researches as introduced in chapter 4. When removing the same amount of cooling 

load, the ceiling panels running with MPCM slurry has a lower mass flow rate than 

that running with water, which results in a lower pump energy consumption. The 

electric power consumption of chiller for ice storage system is much higher than that 

for case 1 and case 2 because of the low COP at a lower evaporating temperature of  

-5 oC. Therefore, full load shifting of ice storage system consumed 72 % more 

electricity power than the CC running with water and MPCM slurry storage. 

 

The cost of electricity consumption is calculated based on the current prices in the 

Hong Kong: 0.836 HK$/kW.h for daytime electricity. Figure 5.5 compares the 

annual energy cost of three air conditioning systems; the horizontal axis displays the 

electricity tariff ratio between the daytime and night time, the vertical axis displays 

the annual energy cost based on the energy consumption of primary equipment. 
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Figure 5.5 Annual energy cost at various systems and electricity tariff ratios 
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The difference between day and nighttime tariffs is of considerable influence on the 

design of the CC combined with thermal storage systems. Only at the higher ratio 

(>2.4) of day and nighttime tariff, full cooling load shifting using ice is more 

favorable. It is noticed that there is no economic benefit of full load shifting by using 

ice but penalty when the ratio of day and nighttime tariff is lower than 1.8. In 

comparison, load shifting using MPCP offer cost saving at all day and nighttime 

tariff ratios. At lower ratios (<2.4) of day and nighttime tariff, however, part cooling 

load shifting using MPCM slurry is more favorable. 

 

5.4 Summary  

 

A novel design of CC operating with MPCM slurry thermal storage is proposed and 

mathematically modeled. In this system, the ceiling panels circulating with MPCM 

slurries removes part of the sensible space cooling load, while the dehumidified air 

treated by a conventional AHU removes the latent load and part of the remaining 

sensible heat. The combined system of CC with MPCM slurry storage, taking 

advantage of the high temperature operating of ceiling panels for sensible space 

cooling load removal, is found to offer both energy efficiency and cost reduction, 

primarily because of the high COP of the charging process of MPCP slurry. In 

general, the annual energy cost saving of a storage system quite depends on the local 

day/night electricity tariff ratio, especially with ice-storage. Only at high electricity 

day and night tariff ratios, the complete load shifting of the cooling load from 

daytime to the nighttime by ice storage is economically feasible.  In comparison, it is 

shown that load shifting using CC combined with MPCM slurry storage is already 
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economically favorable at all day/night electricity tariff ratios. The system model 

developed in this study can be used to assess the energy performance of the MPCM 

slurry storage systems under different climatic and building load conditions.  
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Chapter 6  

Raising Evaporative Cooling Potentials of Using Combined Cooled 

Ceiling and MPCM Slurry Storage  

6.1 Introduction 

 

In previous chapter, the performance of CC operating with MPCM slurry was 

evaluated. The desired indoor air environment can be maintained by using the 

MPCM slurry with melting temperature of 18 oC, and the cooling energy stored in 

the nighttime was provided by the vapor compression refrigeration system, due to the 

high temperature required for the ceiling panels, the required cooling water 

temperature can be even higher than  18 oC. Considering the higher cooling water 

temperature required for the combined system, is it possible to use a kind of free 

cooling sources to freeze the MPCM particle cores?  The answer is yes, the 

alternative solution will be the evaporative cooling technology.  

 

Evaporative free cooling technology attempts to generate cooling water at a 

temperature which closely approaches the wet bulb temperature of ambient 

environment. Researchers in European countries showed that it is possible to 

generate the cooling water lower than 18 oC to use in the CC system based on the 

local meteorological records (Costelloe and Finn 2003).  The dynamic simulation 

results also confirmed that potential to use the evaporative free cooling in CC system 

to achieve high indoor thermal comfort and this is feasible for both the European 

counties like the Netherland (Niu et al. 1995) and the Asian countries like Thailand 

(Vangtook and Chirarattananon 2007).  
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In this chapter, we purposed a hybrid system which is a combination of CC, MPCM 

slurry storage and evaporative cooling technologies. The MPCM slurry is used to 

store the cooling energy generated by the evaporative cooling system and provides 

the cooling energy for the CC system for the sensible heat removal of the space. The 

evaporative cooling potentials of the five typical cities in China, namely, Hong 

Kong, Shanghai, Beijing, Lanzhou and Urumqi, are assessed based on the local 

meteorological records. Based on a proper approach temperature value of the 

evaporative cooling system, the energy saving potentials of the hybrid system by 

using evaporative cooling technology of five typical cites are  compared based on the 

hour by hour simulation results calculated by the dynamic simulation code 

ACCURCY and the optimal design of the slurry storage system is also made.   

6.2 Methodology  

6.2.1 System Description  

 

We proposed a hybrid system which is a combination of a CC system, a MPCM 

slurry storage tank and an evaporative cooling system. A conventional vapor 

compression refrigeration system is also installed to provide auxiliary cooling water 

generation when the cooling energy stored in the MPCM slurry is not adequate to 

provide the cooling for the ceiling panels. The schematic diagram of the hybrid 

system is given in Figure 6.1. The water-type ceiling panels are installed to extract 

the sensible heating load in the room. The cooling water circulated in the ceiling 

panels is generated by either the MPCM slurry storage tank or the conventional 

vapor compression refrigeration. In combination, a conventional air handing unit 
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(AHU) provides cooled and dehumidified air for minimum ventilation purposes, and 

avoiding possible condensation on the ceiling panel surface at the same time. 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Schematic diagram of the hybrid system 

 

As shown in Figure 6.1, two heat exchangers immersed in the slurry to store or 

release the cooling energy, a variable speed stirrer was used to keep the slurry 

homogeneous and to generate the forced convective heat transfer. The operation of 

the hybrid system is designed to maximize the use of the evaporative cooling energy. 

When the cooling water outlet temperature from the cooling tower is lower than the 

PCM melting temperature, the cooling water is controlled to flow into the heat 

exchanger 1 to cool MPCM slurry. Therefore, the operation of the evaporative 

cooling system is intermittent at 24-hour mode. The MPCM particle cores change the 

state from solid to liquid and store the cooling energy in the form of the latent heat 

during the cooling charging process. During the working period of the office room, 

when the MPCM slurry temperature is lower or equal to the PCM melting 

Ceiling panel

Room

R
ad

ia
to

rReheat coil
Cooling coil

Humidifier
Preheat coil

Exhaust

Outside

Air

Heat recovery unit (optional) 

E
va

po
ra

to
r

C
om

pr
es

so
r

C
on

de
ns

er

pump1

fan

fan

Cooling
tower

pu
m

p2

Slurry tank 

Stirrer 

ab

c

d e

f
Valve1

Valve2HE1 HE2
Valve3



 

 139

temperature, the cooling water is controlled to flow in the path of abdefa in the 

pipeline to transfer cooling energy in the slurry tank to the water through heat 

exchanger 2 by controlling the three-way valve 1 and 2. Then the cooling energy in 

the cooling water is released to the office room to remove the sensible heat by the 

ceiling panels. The MPCM particle cores in the tank then change the state from solid 

to liquid and release the cooling energy in the form of the latent heat during the 

discharging process. When the MPCM slurry temperature is higher than the PCM 

melting temperature, the chiller system is switched on, and the cooling water is then 

controlled to flow in the path of acdefa in the pipeline by controlling the three-way 

valve 1 and 2. During the operation of the chiller system, the cooling water generated 

by the cooling tower is partly bypassed to the condenser to remove the heat 

generated by the chiller.  

 

Ventilation air can be provided by displacement ventilation. The displacement 

ventilation brings the fresh air from the floor level at a low velocity and air is 

exhausted at the ceiling. With this strategy, the fresh air is delivered to where the 

occupants require it and the odors and airborne contaminants are carried and 

exhausted. A better indoor air quality is then obtained compared with traditional air 

HAVC system where most part of the exhaust air is mixed with outside air and 

recirculated in the room. 

6.2.2 Modeling the Hybrid System  

 

Thermal performance of the hybrid system is evaluated by a previously validated 

building energy simulation code ACCURACY (Chen and Kooi 1994, Niu and Kooi 

1994, Niu et al. 1995). It is based upon the room-energy-balance method, and the 
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ceiling panels are treated as individual surfaces which exchange heat convectively 

with the room air and radiantly with other surfaces. Heat conduction within the 

ceiling panels is treated in a one dimensional way using a three-nodal-point model. 

The program calculates not only the cooling load, but also the required supply water 

for different panel installation areas. Adopting such building dynamic simulation 

model, the hour-by-hour data of heating/cooling loads, room air temperature and 

other components of the room with ceiling panels running with water are calculated.  

 

The charging and discharging models are based on a simple simulation of the heat 

exchangers immersed in the slurry tank with the fixed heat transfer capability values 

and can be calculated by the log-mean-temperature-difference (LMTD) method 

(Incropera and Dewitt 1996). 

Charging equation  
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arg 1
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water in water out
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T T
Q UA

T T
T T

−
=

⎛ ⎞−
⎜ ⎟⎜ ⎟−⎝ ⎠

&                                     (6.1)                

                                ( )arg 1 , 1, 1,ch ing water p w water out water inQ m C T T= −& &                                 (6.2) 

 

where UHE1 is the overall heat transfer coefficient between the cooling water and the 

MPCM slurry of the heat exchanger 1, AHE1 the total heat transfer area of the heat 

exchanger 1. Twater1,out outlet cooling water temperature of the cooling tower, Twater1,in 

inlet cooling water temperature the cooling tower, 1waterm&  mass flow rate of the 

cooling water, Cp,w specific heat capacity of the cooling water.  

Discharging equation  
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                                   ( )arg 2 , 2, 2,disch ing water p w water out water inQ m C T T= −& &                          (6.4) 

 

where UHE2 is the overall heat transfer coefficient between the cooling water and the 

MPCM slurry of the heat exchanger 2, AHE2 the total heat transfer area of the heat 

exchanger 2, Twater2, outlet cooling water temperature of the ceiling panels, Twater2,in 

inlet cooling water temperature of the ceiling panels.  

 

There are three unknown values in charging or discharging equations, in order to 

solve the equations, it is necessary to assume a known value. Conventionally, the 

operation of the heat transfer fluid flow in the cooling tower runs at the mode of 

either of the variable flow or the constant of flow. The calculation procedures for two 

operation modes are shown as follows. 

 For variable flow operation mode, a constant temperature difference of 2 oC 

between the in let and outlet of the heat exchanger is assumed, and the mass 

flow rate of the heat transfer varies based on the cooling load of the heat 

exchanger calculated by the Equations (6.2) and (6.4). 

 For constant flow operation mode, a constant mass flow rate of the cooling 

tower is assumed. With two equations and two unknown values, the charging 

and discharging equation can be solved. 
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In this study, the variable flow operation mode of the heat exchange is assumed in 

the following calculation.  

 

 The energy consumption of the primary equipment such as the compressor, the 

boiler and the fans are calculated by a kind of semi-empirical model in 

ACCURACY. Adopting such building simulation techniques, the hour-by-hour 

cooling/heating loads of the room with the proposed hybrid system are calculated. 

The detail system model of the CC and primary equipment models are described in 

Chapter 5. 

 

6.2.3 Simulation Considerations 

 

To estimate the energy consumptions of the room with the hybrid system in five 

different cities, a south-facing office rooms equipped with the same hybrid systems is 

simulated. The room is assumed to be situated in the intermediate story, with 

identical adjacent rooms, and above and below. The room is 5.1 m long, 3.6 m wide 

and 2.6 m high. The facing-south façade has a 2.88 m2 double glazing area with 

center-of-glass U value of 1.31 W/ (m2. oC). The window is equipped with venetian 

blinds outside. The external wall consists of three layers: 180 mm thick concrete slab 

inside; 200 mm thick brick outside; 60 mm insulation in between. The combined heat 

transmission coefficient of the façade is 1.28 W/(m2.oC) . The floor and ceiling are 

320 mm thick concrete slab bases with 70 mm thick outside cement layers. The 

partition walls are made of 26 mm gypsum board. The south wall is the external wall 

and the north wall is adjacent to a corridor. It is determined that about 60 % of the 

ceiling is covered with cooled ceiling panels when cooled ceiling system is applied. 
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The building is occupied only in the working hours with a schedule from 9:00 to 

18:00. In the working hours, constant internal sensible loads of 800 W of equipment 

and lighting are set for the simulation, or about 44 W/m2 floor area. 37% of these 

loads are considered to be radiant. In the calculation of the cooling load, no air 

infiltration occurs. The operating hours of the ceiling panels and ventilation system 

are also scheduled from 9:00 to 18:00.  

 

The processed air is supplied at a rate of 100 m3/ h, which is about 2 ach in terms of 

the room volume. This flow rate will meet the ventilation requirement for three 

persons according to the ASHREA standard. To keep the air dew point temperature 

below the ceiling panel surface temperature, the outside air is first cooled and 

dehumidified, and reheated to 15 oC. The slurry cooling water rate to the ceiling is 

about 0.119 kg/s, which results in a temperature rise of the cooling water of about 1.6 

oC at the estimated peak load conditions. This requires water supply temperature to 

the ceiling panels will be calculated based on the room energy balance method, and 

the minimum is set to be 18 oC. The overall control strategy of combined system is 

that the air supply rate and temperature are kept constant, and further heating and 

cooling requirement are respectively met by a heating radiator and ceiling panels.  

The reference year weather data of Hong Kong, Shanghai, Beijing, Lanzhou, Urumqi 

are used are used as outside conditions in the calculations. The energy performances 

of the primary equipment are modeled with certain constant indices (AHREA, 2001):  

Two COP values are used for the daytime and nighttime chiller operation, with a 

COP of  4.0 when the evaporating temperature is set at 15 oC, and 3.2 when the 

evaporative temperature is 7 oC for handing the ventilation air; the boiler efficiency 

is 0.75 and fan efficiency is 0.6; the pump efficiency is 0.70; the fan pressure rise is 
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1400 Pa for the air; the pump pressure is 0.2 bar for the heat exchanger in the slurry 

tank and 0.4 bar for the ceiling panels.  

6.3 Availability Analysis 

6.3.1 Determination of Cooling Water outlet Temperature of the Cooling Tower  

 

A crucial feature of the evaporative cooling technique is the achievement of a low 

temperature difference between the heat transfer fluid leaving the cooling tower and 

the ambient wet bulb temperature (Tw,b). Such a temperature is called the approach 

temperature (APT), which represents the cooling capability of a cooling tower. The 

cooling water from a cooling tower can be calculated according to the formula 

 

                                                        , ,w o w bT T APT= +                                               (6.5)               

 

For a given cooling tower, the APT is determined at the maximum cooling condition 

and the typical value is around 5 oC. Using local meteorological reference year 

weather data, which consists of hourly dry bulb temperature, dew point temperature, 

atmospheric pressure, solar radiation and wind speed, etc., the water temperature 

available from a cooling tower for any hours can be calculation from Equation (6.5). 

The weather files were obtained based on a 1982-1997 period of record obtained 

from the Chinese National Climatic Data Center (U.S. Department of Energy 

website). The hourly web bulb temperature is calculated by the subroutine for 

weather data conversion in ACCURACY, which uses the standard wet bulb 

temperature equation in ASHARE handbook (ASHREA 2001). 
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6.3.2 Annual Occurrence of Wet Bulb Temperature 

 

The annual occurrence of the ambient wet bulb temperatures of five typical cities, 

Hong Kong, Shanghai, Beijing, Lanzhou and Urumqi are shown in Figure 6.2. 

Taking the occurrence of the 15 oC wet bulb temperature as an example, 

0

10

20

30

40

50

60

70

80

90

100

-5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Wet bulb temperature (oC)

A
nn

ua
l o

cc
ur

en
ce

 (%
)

Hong Kong
Shanghai
Beijing
Lanzhou
Urumqi

 

Figure 6.2 Percentage annual occurrence of wet bulb temperature of five typical 

cities 

the availability of wet bulb temperature increases is 20 % in Hong Kong and 88 % in 

Urumqi. Hong Kong is a southeastern city and Urumqi is a northwestern city in 

China. The other three cities, Shanghai, Beijing and Lanzhou would have the annual 

occurrence of wet bulb temperature between the two extremes, therefore the cooling 

availability analysis is only made for Hong Kong and Urumqi in the following 

calculations.  
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6.3.3 The Effect of APT on the Annual Availability of Cooling Potential 

 

The percentage annual availability of cooling water (A) is calculated by (Costelloe 

and Finn 2003) 

 

                                                  
( )100

8760
tasH

A
⎡ ⎤⎣ ⎦= ∑                                                (6.6)                 

 

where ( )Htas∑  is the statistically typical total number of the annual hours, during 

which the required the cooling water temperature is less than or equal to (Tw,b+APT), 

8760 is the total number of hours in a year. 

 

Figure 6.3 shows the impact of approach temperature on the annual availability of 

cooling water in Hong Kong. Availability of cooling water at a given temperature is 

significantly increased with the reduction of the APT. Availability of cooling water at 

18 oC increases from 4 % to 26 % as APT decreases from 8 oC to 2 oC. The benefits 

which can be obtained by the reduction of the APT are the greatest at the higher 

cooling water temperatures. For instance, with an APT of 3 oC, the annual 

availability of cooling water at the cooling water temperature of 12 oC is merely 2 %, 

whereas the availability will be 40 % at the cooling water temperature of 22 oC in 

Hong Kong.  

 

Figure 6.4 shows the availability of cooling water at different approach temperatures 

under Urumqi climate. The availability of cooling water at a given temperature is 

also increased with the reduction of the APT. Availability of cooling water at 18 oC  
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Figure 6.3 Impact of approach temperature on percentage annual availability of 

cooling water in Hong Kong 
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Figure 6.4 Impact of approach temperature on percentage annual availability of 

cooling water in Urumqi 
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increases from 66 % to 93 % when the APT decreases from 8 oC to 2 oC. The benefits 

which can be obtained from reducing the APT are the greatest at lower temperatures. 

On the other hand, it can be observed that an APT of 3 ºC is small enough to obtain a 

100 % availability of cooling water at 22 ºC, and no further decrease of APT is 

necessary. 

 

It is obvious that the influence of APT on the annual availability of the cooling water 

generation potential is significant for a specific evaporative cooling system, the 

lower the APT value, the higher the annual availability of the cooling water potential 

will be. However, the approach temperature for a specific evaporative cooling system 

is confined by the current manufacturing technique, recent research showed that it is 

possible to design a low approach evaporative cooling system to generate cooling 

water at a approach temperature of 3 oC above the ambient wet bulb temperature 

(Coselloe and Finn 2000), therefore, an APT of 3 oC is used for the evaporative 

cooling water generation in the following analysis.   

 

6.4 Energy Saving Potential of the Hybrid System 

6.4.1. Theoretical Cooling Storage of MPCM Slurry by Evaporative Cooling  

  

The potential cooling energy storage into an MPCM slurry tank from the evaporative 

cooling is determined by the cooling water temperature generated by the cooling 

tower, the intended storage temperature of the slurry, the slurry tank size and the heat 

transfer capability of the heat exchanger immersed in the MPCM slurry. Assuming 
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an implicit large tank size, the theoretical cooling storage (TCS) is limited by the 

overall heat transfer capability of the heat exchanger according to the formula 
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where Qstoage is the TCS,  Δτ is the time step during which the cooling water 

temperature is lower than the PCM melting temperature, typically, one hour is 

chosen for Δτ, since the hourly weather data is used for the calculation. The monthly 

TCS can be obtained by the summation of the hourly energy storage in one month 

based on the hour by hour calculation. Likewise, the annual TCS of the MPCM 

slurry by the evaporative cooling is then calculated. However, it should be noted that, 

in this estimation, the underlining tank size is not explicitly determined yet, and 

actual utilization of TCS also depends on the match between the cooling energy 

demand profile and the TCS of the MPCM slurry, which is the key issue that is going 

to be analyzed in section 6.4.4 in this chapter. By using CC, the required cooling 

water temperature can be raised to 18 ºC and higher, which will raise the utilization 

of this natural cooling water. 

 

Figure 6.5 shows the annual TCS available from evaporative cooling at different 

(UA)HE1 values for five typical cities in China. The annual TSC increases linearly 

with the (UA)HE1 values for the five cases. At any given (UA)HE1 value, Urumqi has 

the highest TCS and Hong Kong has the lowest TCS. For instance, the annual TCS is 

798 kWh in Urumq at (UA)HE1 and 451 kWh in Hong Kong at (UA)HE1 value 100 

kW/oC.   
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Figure 6.5 Annual TCS by the evaporative cooling at different UAs 
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Figure 6.6 Monthly TCS by the evaporative cooling at UA=100 kW/oC 
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Figure 6.6 shows the monthly TCS by the evaporative cooling based on the (UA)HE1 

of 100 kW/oC for five typical cities. Urumqi has the highest monthly TCS and Hong 

Kong has the lowest monthly TSC at any given month. The monthly TCS also varies 

over the different months. The lowest monthly TCS appears in summer period, 

where the temperature is the highest in a year. While in spring and winter periods the 

monthly TCS are more significant.  

 

6.4.2 Monthly Chiller Energy Consumption 

 

The chiller energy consumption of the conventional CC without thermal energy 

storage can be divided into two parts. One is the chiller energy consumption for 

generating the cooling water for the cooling coils, and another is the energy 

consumption for generating the cooling water for ceiling panels to remove the 

sensible heat of the room. However, for the CC with thermal energy storage part of 

the energy consumption of the ceiling panels can be supplied by the cooling energy 

of the MPCM slurry generated by the evaporative cooling, which provides the 

possibility of the energy saving. 

 

ACCURACY calculates the required heat extraction rates of the air and the ceiling 

panels from the room, together with inlet and outlet cooling water temperatures 

across the ceiling panels. The chiller energy consumption for generating cooling 

water for ceiling panel are then calculated based on the heat extraction rates of the 

ceiling panels of the room. And the energy requirement for the air handing is 

predicted based on the psychometric process (Niu et al. 1995), which treats the hour 

by hour cooling load and heat extraction statistically in relation to the outdoor 
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weather data. Figure 6.7 shows the monthly chiller energy consumption for two same 

office rooms equipped with conventional water-type CC without thermal energy 

storage located in Hong Kong and Urumqi, respectively. In the case of Hong Kong, 

the chiller energy consumption covers the whole year, due to the hot and humid 

climate, more energy consumed by the AHU than CC for air handing in the summer 

season. For example, the energy consumption of chiller for CC per floor area is 2.8 

kWh/m2 and for AHU is 10.3 kWh/m2 in August. In Urumqi, however, except for the 

summer season, there is almost no need of the chiller energy consumption for air 

handing in other seasons. In general, the highest chiller energy consumption for the 

ceiling panels occurs in August, and the lowest energy consumption occurs in 

February and January for Hong Kong and Urumqi, respectively. 
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Figure 6.7 Monthly energy consumptions of the chiller systems: (a) Hong Kong; 

(b) Urumqi 
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The monthly chiller energy consumption for generating the cooling water for ceiling 

panels depicts quite different trends from the monthly TCS by the evaporative 

cooling as shown in Figure 6.7. In other words, the cooling energy storage by the 

MPCM slurry can not meet the demand of the sensible heat removal of the ceiling 

panels especially in summer season and the insufficient section should be supplied 

by the cooling energy generated by the chiller system. In order to evaluate the 

evaporative cooling potential of the hybrid system of CC, MPCM slurry storage and 

evaporative cooling, the monthly energy consumption of the room cooling load 

obtained by the dynamic simulation should be analyzed together with monthly TCS 

of the MPCM slurry. 

6.4.3 Annual Chiller Energy Saving Percentage of Hybrid System 

 

The distribution of monthly TCS of MPCM slurry by the evaporative cooling is quite 

different from that of the monthly cooling energy demand of the ceiling panels. In 

this study, the monthly cooling supply for ceiling panels from the thermal energy 

storage is firstly calculated statistically based on the monthly TCS of the MPCM 

slurry and the monthly cooling energy demand of the ceiling panels, then the annual 

cooling supply for ceiling panels from the thermal energy storage is calculated by the 

summation of the monthly values. An example of Urumqi is shown in Table 6.1 

based on the (UA)HE1 value of 100 kW/oC. It is noticed that the evaporative cooling 

can not satisfy the cooling energy demand of the ceiling panels during the period 

from June to August. For the other periods, the cooling energy can be only supplied 

by the evaporative cooling without using the auxiliary chiller system for cooling 

water generation.  

 



 

 154

Table 6.1 Calculation of the monthly cooling energy supply by the thermal 

energy storage in Urumqi 

                 Cooling Energy   

Month 

Cooling energy

storage (kW.h) 

Cooling demand of 

ceiling panels (kW.h) 

Cooling supply by the 

cooling storage (kW.h) 

1 1973 1 1 

2 1707 3 3 

3 1267 35 35 

4 729 93 93 

5 378 157 157 

6 133 172 133 

7 31 190 31 

8 107 198 107 

9 378 139 139 

10 733 85 85 

11 1366 10 10 

12 1775 4 4 

 

 

Due to the cooling energy storage of the MPCM slurry supplied by the free 

evaporative cooling, the chiller energy consumption for cooling water generation can 

be reduced. However, the cooling energy demands of the ceiling panels for the five 

typical cities are quite different due to different climate conditions, in order to 

quantify the energy saving potential of the evaporative cooling, the concept of chiller 

energy saving percentage is proposed, which is defined as  

 

Reduced Energy by evaporative coolingChiller Energy saving percentage
Chiller energy consumption

=

                                                                                                                             (6.8) 
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Figure 6.8 Chiller energy saving percentage of the hybrid system 

 

Figure 6.8 shows the chiller energy saving percentage of the room equipped with 

hybrid system for five typical Chinese cities at different (UA)HE1 per floor area 

values based on the APT of 3 oC. The chiller energy saving percentage increases with 

rises of the (UA)HE1 per floor area, however, the benefits which can be obtained by 

increasing the (UA)HE1 per floor area diminishes as the (UA)HE1 rises, particularly at 

high (UA)HE1 per floor area values. The Urumqi has the highest chiller energy saving 

percentage and Hong Kong has the lowest chiller energy saving percentage. The 

chiller energy saving percentage of Urumqi is even as high as 76 % at (UA)HE1 per 

floor area of 5.47 kW/(oC.m2), which means the majority part of cooling load can be 

supplied by thermal energy storage, only small amount of the cooling load is 

provided by the conventional vapor compression refrigeration, which results in the 
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high reduction of chiller electricity consumption. In Hong Kong, at the same 

condition, the chiller energy saving percentage is just 13 %, because the evaporative 

cooling energy stored by the MPCM slurry is smaller and the cooling demand of the 

ceiling panels is higher in Hong Kong, the chiller energy saving percentage is 

therefore much smaller than that in Urumqi. 

 

6.4.4 Optimal Design of the MPCM Slurry Storage Tank 

 

We were convinced that the use of a thermal energy storage system with MPCM 

slurry combined with evaporative cooling technology can increase the energy 

efficiency of the CC system. However, it is important to determine the suitable size 

of the MPCM slurry storage tank, since it is relate to the investment cost of the 

hybrid system. The optimal size of slurry storage tank is determined by the 

comparison of the cooling storage behaviors of the slurry tank and the variations of 

the monthly cooling demand of the ceiling panels. Because of the weakening effect 

of the energy saving percentage at higher (UA)HE1 value, a (UA)HE1 per floor area of 

8.71 kW/(oC.m2) is chosen for system design calculation, this is proper since the 

energy saving percentage of chiller does not increase when a higher (UA)HE1 value 

chosen for the Beijing case, and for other cases the enhanced rates are also not 

significant.   

 

Figure 6.9 shows the comparison of the monthly TCS of the MPCM slurry and 

cooling demand of the ceiling panel for five typical cities in China. Taking Urumqi 

as an example, the crossing points 1 and 2 represent two points when the monthly 

TCS of the MPCM slurry just satisfies the cooling demand of the ceiling panels. The 
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higher storage value of the point 2 can be used to size the slurry storage tank. Since 

the evaporative cooling could be stored on both Saturday and Sunday and delivered 

the cooling to ceiling panels next Monday, it is necessary to use the two-day storage 

capacity to size the slurry storage tank. With the thermal properties of the MPCM 

slurry listed in Table 6.1, the slurry tank size with one-month cooling storage 

capacity is calculated. The one-day cooling storage capacity is then first obtained by 

the arithmetical average of the one-month value. Finally, the tank size with two-day 

cooling storage capacity is calculated simply by doubling the one-day value. By 

applying the same calculation procedure, the optimal sizes of the slurry storage tank 

for other four cities are calculated. 
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Figure 6.9 Comparison of the monthly TCS and cooling demand of the ceiling 

panels in (a) Hong Kong (b) Beijing (c) Shanghai (d) Lanzhou (e) Urumqi 
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A summary of the design month and design size of the MPCM slurry tank at five 

typical Chinese cities is presented in Table 6.2. The results indicate that the benefit 

obtained from the evaporative cooling in Shanghai is higher than that of  Hong Kong 

from both the chiller energy saving percentage and investment cost points of view. In 

the cases of Beijing, Lanzhou and Urumqi, the design sizes of three cases are similar. 

However, considering the chiller energy saving percentage, the benefits from the 

evaporative cooling in Urumqi is the highest of the three cases.  

 

Table 6.2 Design sizes of the MPCM slurry storage tank in five typical cities 

based on monthly data 

 Design month Design size (m3/ m2 floor area) 

Hong Kong February 0.0336 

Shanghai May 0.0405 

Beijing May 0.0455 

Lanzhou September 0.0476 

Urumqi August 0.0457 

 

The optimal design of the slurry storage tank can also be made based on the weekly 

TCS of the MPCM slurry and cooling energy demand of the ceiling panels. Figure 

6.10 shows the comparison of the weekly TCS of the MPCM slurry and cooling 

demand of the ceiling panel for five typical cities in China. Taking Urumqi again for 

an example, the crossing points 1 and 2 in Figure 6.10 (e) represents two points when 

the weekly TCS of the MPCM slurry just satisfies the cooling demand of the ceiling 

panels. The higher value of point 2 is used to size the slurry storage tank. In order to 

calculate the storage tank with two-day cooling capacity, the tank size with one-week 

cooling capacity is first calculated by the arithmetical average of the one-week value. 
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The tank size with two-day cooling storage capacity is then obtained by doubling the 

one-day value. Likewise, the tank sizes with two-day cooling storage capacity of 

other four cities based on the weekly data are calculated.  
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Figure 6.10 Comparison of the weekly TCS and cooling demand of the ceiling 

panels in (a) Hong Kong (b) Beijing (c) Shanghai (d) Lanzhou (e) Urumqi 

 

Table 6.3 shows the design week and optimal slurry storage tank size for five typical 

Chinese cities. Compared with the optimal design based on the monthly data, the 

optimal design based on weekly data provides more detailed information about the 

design weeks and optimal design sizes for typical five cities. As can be seen from 

Tables 6.2 and 6.3, the optimal sizes based on the monthly and weekly data are 

d 

e 

1 2
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similar for both Hong Kong and Urumqi. In Shanghai, Beijing and Lanzhou, the 

optimal sizes calculated based on the monthly data are bigger than those based on the 

weekly data, however, the deviation between the weekly design size and monthly 

design size at the same location is small. Therefore, the optimal design of the MPCM 

slurry system can be based on both the monthly data and weekly data.  

 

Table 6.3 Design sizes of the MPCM slurry storage tank in five typical cities 

based on weekly data 

 Design week Design size (m3/ m2 floor area) 

Hong Kong 7th week 0.0340 

Shanghai 19th week 0.0369 

Beijing 18th week 0.0415 

Lanzhou 36th week 0.0431 

Urumqi 33rd week 0.0468 

 

6.5 Summary 

 

A detailed analysis of evaporative cooling availability has been made for a northern 

and southern city, Urumqi and Hong Kong, based on the local meteorological 

records. The other cities located between the two extremes would have the 

evaporative cooling possibility between the values of the two locations. The results 

show the APT has a major impact on the evaporative cooling availability at all 

cooling water temperatures for the two cities. In general, Urumqi has the highest 

annual evaporative cooling availability and Hong Kong has the lowest evaporative 

cooling availability in five typical cities at a given required cooling water 

temperature under the same APT condition. 
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A new design of a hybrid system is proposed, which is a combination of a CC 

system, a MPCM slurry storage tank and an evaporative cooling system. Due to the 

thermal energy storage using MPCM slurry, the evaporative cooling can be stored 

intermittently in MPCM slurry at 24-hour operation mode. On the basis of APT of 3 

oC, the annual cooling energy storage of the MPCM slurry by the free evaporative 

cooling has been calculated for five typical cities, the results show that Hong Kong 

has the lowest cooling energy storage and Urumqi has the highest cooling energy 

storage, and the other three cities have the energy saving between the two cities. The 

chiller energy saving percentage has been obtained by using the energy simulation 

code ACCURACY based on hour by hour calculations. The results show that 

Urumiqi has the highest chiller energy saving percentage and Hong Kong has the 

lowest chiller energy saving percentage The optimal design of the hybrid system 

have been also made based on the monthly cooling energy behaviors and variations 

of the cooling demand of the ceiling panels, the design sizes of the slurry storage 

tanks for five typical cities are then calculated. The present hybrid system is 

recommended to use in Northern Chinese locations where the weather is dry and the 

diurnal temperature difference is high.  
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Chapter 7  

Conclusions and Recommendations 

This research has proved the promising applications of MPCM slurry as both heat 

transfer and heat storage medium. A variety of studies were performed, including 

MPCM slurry thermal characterization, rheological behaviors, flow and heat transfer 

experiments and dynamic simulations of CC running with MPCM slurry. By 

studying and analyzing different aspects of MPCM slurry, a better and deeper 

understanding of the heat transfer mechanisms of solid-liquid slurry involving in 

phase change was obtained. The combined system of CC and MPCM slurry storage 

has proved to be an energy saving and economy-favorable air conditioning system. 

This research also confirmed the feasibility of using free evaporative cooling for a 

combined system of CC and MPCM slurry storage to further reduce the energy 

consumption of the combined system. The main findings of this research are 

translated into the following conclusions and future research activities.  

7.1 Conclusions 

Properties of the MPCM Slurry 

The models of density, heat capacity and thermal conductivity of the MPCM slurry 

are presented and their specific use for MPCM slurry has been validated by the 

previous researchers. Thermal characterization of PCM and MPCM can be 

investigated by using DSC. DSC measured latent heat of fusion, melting and 

solidification temperatures and supercooling degree of the material. And DSC results 

helped to determine the right PCM candidate for cooling applications.  
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All MPCM slurries prepared by us exhibit Newtonian-like behaviors at particle mass 

concentration below 27.6 %. The relative viscosity of the slurry is independent of 

temperature and can be calculated by the classical Vand’s model.  

 

Flow and Heat Transfer Behaviors  

The melting heat transfer study was performed in the both laminar and turbulent flow 

velocity ranges (0 < Re < 3500 based on the slurry properties) for MPCM slurries 

flowing in a horizontal circular test tube under constant heating fluxes. At the steady 

state, the inlet and outlet temperature and the local wall temperature were measured 

and analyzed, and the local  bulk temperatures of the slurry were calculated based on 

the ‘three-region melting model’, the local heat transfer coefficients were then be 

calculated. The effects of MPCM particle mass concentration, Reynolds number and 

wall heat flux on the local melting heat transfer characteristics were explored. The 

major finding in the melting heat transfer study concerns the heat transfer 

enhancement effects of MPCM slurries in pipe flow in comparison with those of the 

water. The average heat transfer behaviors, which used the parameters averaged from 

the local heat transfer data, were also analyzed. To get more insights into the flow 

properties of the MPCM slurries, the pressure drop measurements were also 

conducted across the heat transfer test section.  

 

The key findings concerning the flow and heat transfer properties of MPCM slurries 

in a uniform heated circular test tube are summarized as follows 

 The local heat transfer coefficients of MPCM slurry varied significantly 

along the flow direction in the test tube. The local heat transfer coefficients 
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for laminar slurry flows were always higher than those for pure water due to 

the associated latent heat effect of the MPCM particle cores. In the case of the 

turbulent slurry flow, local heat transfer coefficients were not only affected 

by the latent heat effect, but also greatly influenced by the turbulent degree of 

the slurry. A new laminar heat transfer correlation equation to describe the 

local heat transfer characteristics of the MPCM slurry was proposed that 

could satisfactorily predict the local heat transfer data within the error of ±15 

%.  

 The average heat transfer coefficients for both laminar and turbulent slurry 

flows were higher than those for pure water. The average heat transfer 

coefficient increased with the increasing of the particle mass concentration, 

heat transfer enhancement up to 167 % was achieved when particle 

concentration was 27.6 % in comparison with water. In the case of turbulent 

flow, about 1-2.5 times heat transfer enhancement was achieved relative to 

water, while a degradation of heat transfer performance was found at a higher 

particle load of the slurry.  

 Two new average heat transfer correlations, one is for laminar slurry flow and 

another is for turbulent slurry flow, were proposed from appropriate 

dimensionless groups. Both correlations could satisfactorily predict the 

average heat transfer data within ±10 %. The two correlations, which were 

derived based on a series of experiments covering in both laminar and 

slightly turbulent flow conditions, can be useful for the development of new 

compact heat exchanger for the MPCM slurry utilization.  

 The results of pressure drop measurements across the test section showed a 

distinct transition when slurry changed from laminar to turbulent, and friction 
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factors in turbulent flow were in good accord with the predicted values 

calculated by using Blasius equation (f = 0.12143Re-0.25). The friction factors 

in laminar flow fitted with well with the classical model (f = 16/Re) based on 

the Hagen-Poiseuille flow only for the slurry with 15.8 % particle mass 

concentration, and relative large discrepancies for slurry with other 

concentrations were found between the experimental values and predicted 

values due to the entry length effect of the laminar slurry flow.  

Thermal Dynamic Simulation of CC Coupled with MPCM Slurry Storage 

 
By coupling the MPCM slurry storage system into the existing CC and building 

energy simulation model, the annual energy consumptions of three types of air-

conditioning system were analyzed based on an office room under Hong Kong 

climate. The annual energy costs of the three systems were also calculated based on 

the current electricity cost of Hong Kong. Simulation results showed that the 

combined system of CC and MPCM slurry storage is found to have the highest 

energy efficiency. While the annual energy cost of a system quite depended on the 

local day/night electricity tariff ratio. At low day/night electricity tariff ratios the 

partial load shifting by the CC combined with MPCM slurry storage is economically 

favorable. At high electricity ration, however, the complete load shifting of the 

cooling load to the nighttime by the system of CC with ice storage is economically 

feasible.  

Evaporative Cooling Potential of CC with MPCM Slurry Storage 

The evaporative cooling provides the energy saving possibility for the CC with 

MPCM slurry storage due to the relatively higher temperature of heat transfer 

medium circulating in the ceiling panels. This study firstly gave a detailed analysis of 
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evaporative cooling availability of the five typical cities in China, based on the local 

meteorological records. The results showed that Hong Kong has the lowest cooling 

availability and Urumqi has the highest cooling availability.  

On the basis of APT of 3 oC, the annual energy saving of the hybrid system, a 

combination of CC, MPCM slurry storage and evaporative cooling, has been 

compared for five typical cities. The chiller energy saving percentages of five cites 

were then calculated based on both thermal dynamic simulation and monthly TCS of 

MPCM by the evaporative cooling. The simulation results show the Urumqi has both 

the highest annual cooling energy storage value and the highest chiller energy saving 

percentage in five typical cities. The optimal design of the cooling energy storage 

tank has been made based on monthly/weekly TCS of the MPCM slurry and cooling 

demand of the ceiling panels, the design sizes of the slurry storage tank based on 

monthly/weekly data was calculated for five typical cities in China. The present 

hybrid system is therefore recommended to use in northeastern Chinese locations 

where the weather is dry and daily the maximum temperature is high.  

7.2 Recommendations 

 

The present work should be further extended to better understanding of the flow and 

heat transfer behaviors of the MPCM slurries in a circular tube, and experimental 

investigations of the CC with MPCM slurry storage. Thus, the following 

recommendations can be given. 

 

 The MPCM particle size may affect the rheological properties of the MPCM 

slurry according to experimental research of solid-liquid slurry without phase 

change (Liu et al. 1988). These factors should also be explored to determine 
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their effects on the heat transfer characteristics. In addition, the size of 

MPCM particles will affect the physical behaviors of the MPCM slurry, 

especially those relating to pressure drop gradient and should be studied.  

 It is recommended to conduct melting heat transfer measurements at higher 

Reynolds numbers in a uniform heated circular tube in order to obtain wider 

applicability of the correlation equations for cooling applications, because the 

melting heat transfer experiments were only conduct under slightly turbulent 

conditions, therefore it is not sufficient for practical engineering applications.  

  The enhancement in heat transfer is usually accompanied with the 

undesirable increase of the friction factor. There might exists an optimal 

concentration of MPCM particles in the fluid considering the trade-off 

between the increased heat transfer and pressure loss as well as the effect on 

pump performance. For instance, Inaba et al. (2004) presented their 

experimental results of the enhanced heat transfer the slurry over the energy 

required to overcome the pressure loss and found that a maximum value of 

the heat transfer enhancement exists at a particular PCM concentration. In the 

case of system optimization, the effect on pump performance would also be 

needed, and this will deserve separate study in the future works.  

 Convection heat transfer experiments has been done for internal flows within 

pipe, but in HVAC applications, external flows on the  pipe surface may also 

be more frequently used, and study of the convection heat transfer will be 

needed for the proper design of the heat exchangers and the storage tank. 

 In the present study, the performance of CC running with MPCM slurry was 

investigated by the dynamic simulation model. To gain more insight into the 

dynamic thermal behaviors of the MPCM slurry in the ceiling panels and 
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MPCM slurry storage tank, an experimental investigation is recommended to 

implement for a combined system of CC and MPCM slurry storage 
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