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Chapter One 

Introduction 

1.1 Background 

Being made of porous materials, the fabric of a building (and the hygroscopic 

materials inside) can adsorb and release moisture from and to the indoor air. The 

moisture capacity of these materials, coupled with the hot and humid weather 

conditions and intermittent air-conditioning, can significantly affect the indoor air 

humidity inside a building. Besides, the reduced dehumidification capacity of an air- 

conditioning system while operating under "part-load" conditions should also be a 

major cause of high indoor air humidity. Moisture adsorption and desorption at 

building materials was shown to have a significant effect on building cooling load by 

the measurements carried out by Wong & Wang (1,2) in an office building and in a 

library building in Hong Kong. Their results show that the latent cooling loads of these 

buildings during the starting phase of the air-conditioned period were both several times 

greater than those predicted based on conventional load estimation methods (e. g. 3-5) in 

which no account was taken of the latent loads due to moisture desorption from the 

building fabric. 

The measurements taken inside an office room in the Hong Kong Polytechnic 

(see Chapter 9) provided further evidence of the moisture sorption effects of building 

materials. The measured results show that the indoor humidity level did not reach the 

outdoor level during the period when the air-conditioning system was shut-down. This 
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was contradictory to what should have happened if a "site" did not exist for storing part 

of the moisture transported into the building due to continuous infiltration of humid 

outdoor air into the building during that period. Moreover, when the air-conditioning 

system resumed operation after a prolonged shut-down period, it took a much longer 

time for the air-conditioning system to bring the indoor humidity level down to a steady 

level, as compared with that for the indoor temperature. This should be due to the 

moisture desorption from the building fabric and the hygroscopic materials inside the 

building which imposed an extra dehumidifying load onto the system and that the 

dehumidifying capacity of the system during the starting phase was insufficient to cater 

for the dehumidification load. Theorectical and experimental investigations done 

elsewhere (e. g. 6-10) also confirmed the significance of the moisture adsorption and 

desorption effects of the building fabric materials and the hygroscopic materials inside 

buildings. 

The effects of the moisture capacity of building materials however are not well 

understood and most design engineers are unaware of the consequential problems and 

therefore would not take them into account in system designs. One possible reason for 

this was that relative humidity of indoor air has only a moderate effect on the thermal 

comfort of occupants (11). When the indoor humidity is high, thermal comfort may be 

retained by slightly lowering the indoor temperature. As air-conditioning systems are 

often over-sized, the equipment could cope with the extra cooling load incurred by the 

lowered indoor temperature and the dehumidification performance of the equipment 

would also improve with an increased sensible load. However, to maintain such a low 

indoor temperature would incur more energy be consumed in buildings for air- 

conditioning and therefore is undesirable. It has been estimated that by lowering the 

indoor set-point temperature in an office building by 1 °C, the year round energy 

consumption for air-conditioning will be increased by about 4% (12). Nevertheless, as 

the occupants were satisfied with the indoor environmental conditions, no complaints 

would arise and hence neither the operational and maintenance personnel nor the 

designers were aware of the humidity problem. 
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At present, the established methodologies for estimating heat and mass transfer 

across building envelopes (e. g. 3-5) cannot predict the effects of moisture adsorption and 

desorption at the building fabric materials. Those for predicting the part-load and the 

dynamic performance of the components of air-conditioning systems, particularly the 

cooling and dehumidifying coils, require improvement before they can be applied to 

realistically model the performance of an air-conditioning system. This research 

therefore was aimed at developing such methodologies through which the combined 

effects of infiltration of hot and humid outdoor air into buildings, the moisture capacity 

of the building fabric materials and the varying dehumidification performance of the air- 

conditioning system can be more clearly seen and quantified. When this is possible, the 

significance of such effects can be assessed and properly taken into account in designs 

of buildings and air-conditioning systems. 

The methodologies developed and the findings of this reseach are detailed in 

this thesis. In this chapter, the weather conditions, the buildings and the use of air- 

conditioning in buildings in Hong Kong are introduced, a qualitative analysis of the 

problem is described, the limitations of existing building and plant performance 

simulation programs are reviewed, the objectives of this research are elaborated and the 

work done are summarized. Finally, the organization of the thesis is outlined. 

1.2 An Overview of Weather Conditions, Buildings and Air- 

conditioning Systems in Hong Kong 

1.2.1 Weather Conditions and Buildings in Hong Kong 

Hong Kong is a small, densely populated city situated at the southern coast of 

China. The prevailing weather condition in Hong Kong is hot and humid. In summer, 

afternoon temperatures often exceed 32°C whereas at night, temperatures generally 

remain around 26°C. High humidity persists throughout the year; in 1990, the year- 

round average relative humidity was 79% with monthly average values deviating from 

it by at most 10% (13). 
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The total land area of Hong Kong is about one thousand square kilometers only 

but the total population of Hong Kong is currently around six million. Nevertheless, 

over 80% of the land in the territory is hilly and hence built-up areas in Hong Kong are 

concentrated on less than 20% of its total land area (14). Therefore, the land price in 

Hong Kong is very high and there are many high rise buildings in Hong Kong to 

provide the residential, commerical and industrial premises for dwelling and for the 

support of various kinds of commerical and industrial activities. 

Concrete is extensively used in Hong Kong for construction of various kinds of 

buildings because it has good all-round properties as a building material and raw 

materials for its production are readily available (cement can be conveniently imported 

from China whereas good quality aggregate materials, including sand and gravel, can 

be dredged from offshore areas of Hong Kong (14)). Nonetheless, concrete is a porous 

material having a substantial capacity for moisture (see Section 2.4). 

1.2.2 Use of Air-conditioning in Buildings in Hong K 

Air-conditioning systems in commerical and residential buildings serve to 

maintain comfortable indoor environmental conditions. In industrial buildings, besides 

providing a comfortable condition for the workers, air-conditioning is provided to 

maintain the required environmental conditions for special manufacturing processes 

(e. g. in textile mills and in integrated circuits production plants) or for proper storage of 

special equipments (e. g. computers, electronic products). Due to the hot and humid 

climate and along with the rise in living standard, air-conditioning is gradually 

becoming a necessity in Hong Kong. 

The widespread use of air-conditioning in buildings in Hong Kong can be seen 

from the statistics of electricity consumption in that about half of the total amount of 

electricity generated by power plants in Hong Kong is consumed in commerical 

buildings (15). In such buildings, more than half of the total electricity consumption is 

consumed by air-conditioning systems. For domestic buildings, the difference in 
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electricity consumption between the second and the third quarter in 1990 was about 

four thousand Terajoule (TJ, i. e. 1012 J) which was primarily due to the more frequent 

use of air-conditioners in the third quarter, the hottest months in Hong Kong. This 

amount of electricity is sufficient for 680,000 units of one horse power air-conditioner 

to run continuously over the three months and costs about seven hundred million Hong 

Kong dollars. 

1.2.3 Configuration and Operation of Central Air-conditioning Systems 

Most medium to large size commercial and office buildings and a large number 

of modem industrial buildings in Hong Kong are centrally air-conditioned. Centralizing 

the major air-conditioning equipment (the chillers and the water pumpers) in one single 

plant room reduces the impact on the facet design of a building and allows more energy 

efficient equipment (e. g. large centrifugal chillers as opposed to packaged type air- 

conditioners) be used such that the running cost for providing air-conditioning can be 

reduced. Window units or packaged type air-conditioners are more common in 

residential buildings but can also be found in some small commerical buildings. In a 

central air-conditioning system, control over indoor environmental conditions is 

performed by the air-handling equipment which comprises basically a fan and a coil and 

is normally called a fan-coil unit (FCU) if its size is small (0.19 - 0.57 m3/s) or an air- 

handling unit (AHU) if its size is large (> 0.57 m3/s). Figure 1.1 shows a simplified 

schematic digram of an air-cooled central air-conditioning system commonly found in 

Hong Kong. 

For economy in energy expediture, air-conditioning systems in commerical and 

office buildings in Hong Kong are generally intermittently operated. That is, during 

normal working days, the air-conditioning system will be started in the morning half to 

one hour before the building is occupied and will be shut-down in the evening. It will 

not be operated on Sundays and public holidays. Continuous air-conditioning is 

provided only when there are special activities or processes being carried-out in the 

building or in parts of the building. 
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1.2.4 Air-conditioning Plant Size 

Various methods have been developed for determining the required plant size 

for providing heating or air-conditioning to buildings. Although the actual heat and 

mass transfer processes taking place in a building are highly complicated, plant-size 

determination methods often involve simple calculation procedures which resemble 

steady-state heat transfer calculation methods (3-5). Cooling load of a building is 

calculated with reference to the anticipated "peak load" conditions, called design 

conditions or criteria, which include outdoor design weather conditions and design 

internal loads. 

Sizes of equipment based on the design building cooling load will be larger than 

required to cope with the actual load that will arise in majority of the operating time and 

hence, the equipment will often be operating under "part-load". The part-load 

performance of the equipment therefore is an important aspect to be considered in 

system design as it will affect the energy consumption for air-conditioning and the 

control over the indoor thermal environment. Besides, for reasons such as to provide a 

safety margin in cooling capacity of the plant to cover any inaccuracy or omissions in 

the load calculation or to reserve a spare capacity for future expansion etc., designers 

may tend to oversize the equipment but this may lead to low system energy efficiency 

and poor performance in control of indoor environmental conditions. 

1.3 Indoor Humidity and Its Control 

Although indoor air humidity has only a moderate affect on thermal comfort of 

occupants 011), prolonged high indoor humidity (>70%) promotes growth of moulds 

and mildews at wall and furniture surfaces (16,17) which would affect health of 

occupants and cause deterioration of building materials (18). However, to provide 

control over both indoor temperature and humidity requires extra equipment and incurs 

a higher energy consumption (19). This is not considered essential nor economically 

viable for many commercial and office buildings where control of the main comfort 
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indoor condition, temperature, is required. Nevertheless, the system will provide 

simultaneously a certain amount of dehumidification to the air-conditioned space but 

this varies with the operating conditions from time to time. Hence, the indoor humidity 

is actually allowed to "float", depending on the balance between the total rate of 

moisture gain from various sources and the rate that moisture is extracted by the air- 

conditioning system. This indirect control of indoor humidity is referred to as "passive 

humidity control" (20). 

Under part-load conditions, indoor relative humidity rising above 70% may 

occur inside air-conditioned buildings. This is because the reduction in building cooling 

load is normally dominated by the reduction in the sensible load components (due to a 

lower solar radiation intensity and a lower outdoor air temperature). During the 

occupied period, the latent load components vary by a much smaller extent (except at 

the lunch hour) because the number of occupants in a building, the major source of 

latent load, is normally rather steady. In response to a reduced room sensible cooling 

load, the indoor temperature control system will reduce the chilled water flow rate at the 

cooling coil of the air-handling equipment leading to reductions in both the sensible and 

latent cooling capacities of the coil (Figure 1.2). Reduction in the latter is due to the 

increased coil surface temperature given rise by the larger chilled water temperature rise 

across the coil (Figure 1.2). With a relatively steady room latent load but a reduced 

dehumidification effect from the cooling coil, the indoor air humidity (or moisture 

content) will rise. This effect may also be seen by comparing the full-load and part-load 

psychrometric processes for a conventional all-air system as shown in Figure 1.3. 

Although modem high rise buildings with central air-conditioning should have 

well sealed building envelopes, there will still be infiltration of hot and humid outdoor 

air, driven into the buildings through various door gaps, unintentionally opened doors 

and windows or other openings by stack effect and wind pressure (5)" In building 

cooling load estimation, an infiltraion rate of not less than half air-change per hour is 

allowed to cater for the extra cooling and dehumidification load incurred (5). When the 
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air-conditioning system is shut-down, infiltration of hot and humid outdoor air into the 

building continues and consequently, the indoor humidity level will rise. This is a 

major factor that gives rise to moisture problems in buildings in humid climate regions. 

1.4 Effects of Moisture Adsorption and Desorption of the Building 
Fabric 

With intermittent air-conditioning, the moisture adsorption and desorption effect 

of building materials significantly affects the indoor humidity level (e. g. 1,2,6-10). This 

arises because most building materials like concrete, cement plastering, wood, wall 

finishes, etc. are porous materials having large amount of minute void spaces within 

them (21). The porous building materials will exchange moisture with the indoor air 

(and with the outdoor air for the external walls) and a substantial amount of moisture 

can be detained within the voids inside the porous building materials. This provides a 

storage capacity for indoor moisture, similar to the thermal storage effect for sensible 

heat load. 

Exchange of moisture between the room air and the surface of the porous 

building material is affected by a difference in vapour pressure between the two. When 

the air-conditioning system is shut-down, both temperature and vapour pressure of the 

room air will increase. When the room air vapour pressure becomes higher than the 

surface vapour pressure of the walls, moisture will start to be adsorbed into the pores 

within the wall. Similar events happen to furniture and' other hygroscopic materials 

inside the air-conditioned space. This moisture adsorption phenomenon helps 

maintaining the indoor humidity at a level that is substantially lower than the outdoor 

humidity. Otherwise, the room air humidity will quickly approach the outdoor level. 

When air-conditioning is resumed in the following day, the room air temperature and 

vapour pressure will quickly drop and consequently, the adsorbed moisture will be 

released back to the room air. This imposes an extra latent load on the air-conditioning 

system and lengthens the time required for the air-conditioning system to bring the 
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indoor air humidity back to the controllable range (see simulation study results in 

Chapter 9). 

1.5 Detailed Simulation of Building Thermal Response and Air- 

conditioning System Performance 

Although understanding of the phenomena of building fabric moisture 

adsorption and desorption and the ability to quantify their effects are important to the 

proper design and operation of buildings and air-conditioning systems in places with 

hot and humid weather, insufficient attention has been paid to this subject area and the 

effects are not fully understood. To quantify and to rigorously evaluate their effects in 

conjunction with the effects of intermittent air-conditioning require simultaneous 

modelling of the coupled heat and moisture transfer at the building fabric and the 

performance of the air-conditioning system. The dehumidification performance of an 

air-conditioning system is dependent on the characteristics of the air-handling 

equipment and the type of controls employed. With passive humidity control, 

performance of the air-handling equipment has to be modelled in detail in order to 

accurately predict the indoor humidity. 

1.5.1 Detailed Building Thermal Response Modelling Methods 

There are well established methods for detailed modelling of heat transfer in 

buildings. Those that are widely used include the Admittance Method (22,23), the 

Response Factor Method (24) and the Transfer Function Method (25,26). These methods 

have a common feature in that all of them are based on the analytical solutions of the 

one-dimensional dynamic heat conduction equation but each adopts a different approach 

in solving the governing equation. In these methods, the assumption is made that the 

thermal properties of the materials are constants and hence the governing equation 

becomes a linear equation. This allows the solutions be obtained when the boundary 

conditions are arbitrary functions of time (e. g. the outdoor weather conditions) by 

representing the time varying functions as series of harmonic functions (as in the 
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Admittance Method) or series of pulses (as in the Response Factor Method and the 

Transfer Function Method), and by applying the superposition principle. Instead of 

these special techniques, solving directly the governing equation using numerical 

methods (e. g. Finite-Difference Method) is also a common approach in building 

thermal response modelling. However, equally well established and widely adopted 

methods for modelling the coupled heat and moisture transfer in buildings are not yet 

available (see review in Chapter Two). 

1.5.2 System Performance Modelling 

Since air-conditioning and refrigeration processes are basically heat, mass and 

work transfer processes, fundamental principles of these processes have long been 

established (e. g. 5,27,28) and applied extensively in determining the rates of heat, mass 

and work transfers in air-conditioning equipment. Although the basic working 

principles of equipment and components in an air-conditioning system may be simple, 

complicated geometric configurations and complex fluid flow situations may be found. 

Therefore, rigorous modelling of the heat, mass and work transfer processes involved 

can be complicated and simplifications are often made to overcome this. 

As there are wide-ranging degrees of complexity of equipment in an air- 

conditioning system, different approaches and simplifications are taken to model the 

performance of various components. For complex equipment such as the centrifugal 

refrigerant compressor of a chiller, water pumps and fans, the modelling of dynamics 

of fluid flow in these machines can be extremely complicated. One simple but widely 

adopted way to model performance of such equipment is to resort to manufacturers' 

data. Based on the "catalogue" performance data, mathematical models can be derived 

by applying curve-fitting techniques (27,29). However, a curve-fit model is restricted in 

applications to the specific design and size of equipment upon which the model was 

developed and can, in general, only model the steady-state performance of the 

equipment. Broadening the applicability of the model is possible by grouping the 

parameters into dimensionless form and by applying the principle of dynamic 
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similarities (30) but even so, the resultant model may only be applicable to equipment of 

similar design and over limited ranges of sizes and operating conditions; 

For other less complex equipment, such as certain types of heat exchangers and 

the ducting and piping systems, one can set-up a model from fundamental principles 

provided details of construction and accurate data of heat and mass transfer coefficients 

are available (31). However, complex fluid flow situations may be encountered due to 

enhancements to basic designs of the equipment so as to improve efficiency. Multiple 

tube passes, baffles and finned surfaces in heat exchangers are examples of design 

enhancements adopted in compact heat exchangers (32). When a complex fluid flow 

situation is encountered, it is impossible to determine the transport coefficients by 

analytical methods nor can empirically determined values based on simple standard 

situations be applicable to a realistic plant component (e. g. the convective heat and mass 

transfer coefficients at surfaces of corrugated fins of a cooling and dehumidifying coil). 

The required heat and mass transfer coefficients for modelling performance of such 

equipment have to be determined from purposely designed experiments (e. g. those by 

McQuiston (33,34) for finned coils). 

Due to the long history of development, many mathematical models have been 

developed for modelling various kinds of air-conditioning system equipment and 

components (e. g. 27-29,31), Also, many of these models have been developed into 

standard modules in computer simulation programs (e. g. ESP (35), HVACSIM+ (36), 

TRNSYS (37)) from which models of components may be constructed and used to 

predict the system performance. 

Based on the argument that the systems will respond to changes in 

environmental or operating conditions much more quickly than a building, it was 

suggested that in building energy calculations, steady-state system models would be 

adequate (29). This was widely accepted but has become less and less acceptable (31). 

Since the mid-seventies, it has become evident that the success of implementing 

efficient energy control and management in buildings is coupled with the understanding 

-11- 



of the dynamic performance of the mechanical and control systems (38). Augmented by 

the advancements and lowering in price of computers, dynamic performance of air- 

conditioning systems in buildings have been actively studied by computer simulation 

methods (39). Considerable effort has been paid world-wide to the development of 

dynamic plant components models for detailed building and plant performance studies 

and several programs with dynamic system models such as ESP (35) and HVACSIM+ 

(36) have emerged. 

In assessing the dehumidification performance of an air-conditioning system, 

detailed modelling of the dynamic performance of the cooling coil can be important. 

This is because the coil surface temperature, the major factor that affects the 

dehumidification capacity of a cooling coil, will change when there are fluctuations in 

the on-coil air conditions and in the flow rate and temperature of the chilled water. Its 

rate of change is dependent on the heat capacities of the coil materials and the chilled 

water in the tubes of the coil. The use of quasi-steady coil models may provide 

acceptable results when proportional or proportional plus integral control is adopted 

because operating conditions in such systems only change gradually. However, when 

on/off control is used, the dynamic performance of the coil should be adequately 

modelled as there will be cyclic changes in the chilled water flow rate when the control 

valve is cycling between the open and closed positions from time to time (see Chapters 

7 and 9). 

1.5.3 Deficiencies in Existing Building and System Simulation Programs 

At present, many building energy calculation and air-conditioning system 

simulation programs have been developed, e. g. ESP (35), HVACSIM+ (36), TRNSYS 

(37), DoE2 (40), BLAST (41), to name a few. Unfortunately, none of these programs 

can simulate indoor humidity variations taking into account the effects of coupled heat 

and moisture transfer at the building envelope. Although attempts have been made to 

model the moisture adsorption and desorption effects of building materials, some of the 

models developed are too simplistic to properly account for the involved transport 
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phenomena whilst the others are either too complicated for practical applications or are 

in lack of appropriate moisture transport properties data for use with the models (see 

Section 2.4). These restrict the models from being practically usable and there remains 

a lot of further improvements and development to be made. The simultaneous effects of 

intermittent operation and dynamic performance characteristics of air-conditioning 

systems have not been thoroughly studied and this formed a major objective of this 

research. 

Besides lacking in the ability to simulate moisture transfer, the models in many 

building energy and system simulation computer software packages have imperfections 

which need to be improved. First, thermal properties of building materials are often 

assumed to be of constant values. Thermal conductivity of building materials however 

vary significantly with moisture content (42) whereas the moisture content within the 

material will change as a result of changes in the ambient conditions and temperature 

distribution across the wall. For instance, the thermal conductivity of a lightweight 

aggregrate concrete deviates by more than 10% over the normally assumed moisture 

content range of 3 to 5% (by volume) for a concrete external wall (43). Second, 

radiation energy exchange among internal surfaces of a building zone are often 

estimated by over-simplified approaches (such as environmental temperatures based on 

a cubical enclosure with black surfaces (4)). How a reference temperature should be 

established for simplified calculations however is still subject to argument (44,45) and 

the accuracy of this kind of method is not always good in cases where the actual 

temperature differences among internal surfaces are large. Third, in most building and 

plant load simulation packages (e. g. DoE2 (40)), building thermal load and system 

performance are calculated in two stages. The building thermal load is estimated first, 

based on a constant indoor condition, and system performance is then determined based 

on the load calculated in the first stage. In reality, system performance affects the 

thermal load in buildings. Accurate estimation therefore needs a simultaneous 

simulation (31,46). 
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Even though there are some computer software packages which can model 

building and system response simultaneously (e. g. ESP (35), HVACSIM+ (36), 

APACHE (47)), they were not used in this work for several reasons. The major one 

was that the building models of these simulation programs cannot simulate moisture 

transfer at the building fabric. Besides, the air-conditioning system component models 

in some of them are rather limited (e. g. ESP) and some have only steady-state models 

(e. g. APACHE) or simplified models (e. g. the dynamic cooling and dehumidifying coil 

model in HVACSIM+) which may not be able to accurately simulate the operating 

performance of the equipment. Although attempts could be made to modify the relevant 

component models included in such a software package or to add new program 

modules into it so that the package could be used for studying the present problem, this 

was consider not worthwhile because: 

i) Due to the large differences between the nature of the mathematical 

models to be handled (e. g. the non-linear coupled heat and moisture 

transfer model compared with the linear heat transfer model), the 

simulation methods adopted in the program would need to be modified. 

For instance, the response factor method used in HVACSIM+ (36) 

would have to be abandoned and replaced by a numerical solution 

method. 

ü) The changes may lead to fundamental re-structuring of the program 

which could only be done if the source codes of the program were 

available but these are seldom provided with the program (e. g. ESP & 

APACHE), except for public domain softwares (e. g. HVACSIM+). 

iii) Even the source codes are available, to ensure the new modules will be 

compatible with the main program and with other existing program 

modules in the software would be a substantial task whereas such work 

would divert the attention towards the subject area of "software 

engineering" which is strictly not relevant to the present study. 
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On the other hand, attempts are being made to develop methodologies through 

which building and plant simulation programs can be developed based on "objects" and 

each one of them can be a component model or a mathematical sub-program (e. g. the 

Energy Kernel System (48,49)). The objectives of developing such methodologies 

include allowing objects having different calculation methods and data structures be 

linked together by the user to become a tailor-made simulation program for a specific 

purpose. When such methodologies are available, the problem on compatibility 

between program modules and solution methods of different component models can be 

solved. Therefore, emphasis of this research was focused on developing generic 

components models as these models may later be converted into objects for wider 

applications. 

1.6 Research Objectives & Work Undertaken 

A suitable computer simulation program is required to facilitate the assessment 

of the complex, simultaneous effects of outdoor weather variations, intermittent air- 

conditioning, moisture adsorption and desorption of the building fabric and the 

dynamic performance of the air-conditioning system. With it, these effects can be 

properly taken into account in design of buildings and systems. As the existing 

simulation tools do not have these capabilities, the major objective of this research is to 

develop the methodologies that are required for its development. Other objectives 

include giving a better insight into the moisture related problems in intermittently air- 

conditioned buildings in hot and humid climate regions and assessing the importance of 

dynamic modelling in simulating the humidity control performance of air-conditioning 

systems. These are achieved by simulation studies using the prototype simulation 

programs developed in this research. The objectives, in summary are as follows: 

a) To develop a practical model for simulating the coupled heat and 

moisture transfer in building fabrics based on the theories of 

simultaneous heat and moisture transfer in porous media. 
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b) To develop practical system and equipment models for simulating the 

dynamic performance of air-conditioning systems based on the theories 

of heat and mass transfer in air-conditioning processes. 

c) To develop a prototype computer simulation program, integrating the 

building heat and moisture transfer model and the air-conditioning 

system model. 

d) To develop the required procedures for numerical solution of the 

governing equations defining the thermal and moisture behaviour of the 

building and the system. 

e) To assess the significance of the moisture sorption effects of the 

building fabric, intermittent air-conditioning and dynamic performance 

of the air-conditioning system on the indoor environmental conditions 

and to assess the effectiveness of passive humidity control of air- 

conditioning systems by using the prototype simulation program. 

In this research, two heat and moisture transfer models have been developed for 

modelling the moisture sorption effect of building walls and slabs of construction that 

are typical in Hong Kong (where concrete is the predominant construction material). 

The first one was developed from the governing heat and moisture transfer equations 

due to Huang (50,51) (Chapter 3) and was used in preliminary investigations in this 

work (52) (see Appendix D. 1). It was abondoned in the later part of the work due to its 

intensive demand on computing effort. 

The second model (called the "differential permeability" model, see Chapter 4 

and Appendix D. 2) is a simplified model and was used in major studies of this research 

(Chapters 8& 9). In this model, moisture transfer was assumed to be dominated by 

vapour diffusion, driven by the vapour pressure gradient, and differential permeability 

was taken as the moisture transport property of the material. The differential 

permeability of a material was regarded as a variable dependent on the moisture content 
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of the material and an equation for its evaluation has been derived. This model has been 

applied to simulate an experiment on drying of a piece of gypsum board (by Thomas & 

Burch (53)) and the simulated results were found to be in good agreement with the 

measured results. 

Detailed steady-state and dynamic cooling coil models and mathematical models 

for other components of the air-side system have also been developed. Both steady- 

state and dynamic coil models have been developed so that the significance of 

accounting for the dynamic response of the coil when on/off control was adopted could 

be studied. Both models had been applied to model the steady-state performance of a 

range of cooling and dehumidifying coils and the results, as compared to 

manufacturers' performance data, were within acceptable accuracy. The dynamic model 

has also been applied to model the performance of several coils that had been tested 

experimentally and the measured results are available from the literature. The model 

predictions agreed reasonably well with these results. 

The differential permeability building heat and moisture transfer model and the 

system component models have been integrated to become simultaneous building and 

system simulation programs. An efficient numerical method was adopted to solve the 

large set of differential and algebraic equations involved. The accuracy of the numerical 

method in solving an ordinary differential equation and a partial differential equation 

has been verified against analytical solutions (see Appendix A). A scheme was also 

proposed to enable different time steps be employed in simulating the building response 

and the dynamic performance of the air-conditioning system through which a 

significant reduction in computer execution time was achieved (see Chapter 8). 

The integrated building and system models have been applied to study the 

dynamic heat and moisture transport phenomena in a typical room of a building and in 

the associated air-conditioning system. The effect of building fabric moisture 

adsorption and desorption was shown to be significant when there was infiltration of 

hot and humid air into an intermittently air-conditioned building in that moisture 
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entering the building during the non-air-conditioned period could be stored within the 

porous building fabric materials and would be released back to the room air during the 

air-conditioned period. Passive indoor humidity control performance of the systems 

with on/off and proportional control were compared and the importance of modelling 

the dynamic behaviour of the cooling coil was studied. The methodologies developed in 

this study for modelling indoor moisture transient variations represent significant 

improvements over those published in the relevant literature and the breadth and depth 

of the investigations froming this work represent substantial new work. 

1.7 Organization and Outline of the Thesis 

This thesis comprises ten chapters which may be grouped into five linked parts 

as shown in the chart at the last part of this chapter. In this chapter (Chapter One), the 

problem that has been investigated into is outlined first. This is followed by an 

overview of the climatic conditions, buildings and air-conditioning systems in Hong 

Kong. The building fabric moisture adsorption and desorption phenomenon and the 

combined effects, in conjunction with intermittent air-conditioning, on the indoor 

environment are introduced. Established methods for building thermal response 

simulation are reviewed followed by criticisms on their deficiencies. The aims of the 

research and the work done are briefly summarized. 

Part two of this thesis comprises three chapters (Chapters 2-4) which are on 

modelling of heat and moisture transfer at building fabric materials. Chapter Two starts 

with a review on fundamentals of coupled heat and moisture transfer in porous media. 

Various theories proposed for description of the phenomena is outlined and published 

investigations on moisture transfer in buildings are reviewed. This is followed by 

considerations of the specific characteristics of moisture transfer in concrete, the 

predominant construction material in Hong Kong. Finally, the approach taken in this 

work is introduced. 
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In Chapter Three, the governing equations derived by Huang (50,51) are 

introduced and the numerical scheme adopted to develop a computer building heat and 

moisture transfer model from this set of equations is summarized. Application of the 

model to investigate the relative significance of various driving forces for moisture 

transfer in concrete is described and the finding that vapour diffusion being the 

dominant mechanism is reported. This prompted the development of a simpler model 

for building heat and moisture transfer. In chapter Four, the governing partial 

differential equations (PDE's) of the "differential permeability" building heat and 

moisture transfer model, the "self-implicit" numerical scheme for discretization of the 

PDE's and the solution technique employed to speed up the solution process are 

detailed, together with the methods adopted to treat boundary conditions. Further 

explanations on the numerical scheme are given in Appendix A. 

Chapters Five to Seven (part three) are on modelling of air-conditioning system 

components. Chapter Five consists general descriptions on various air-conditioning 

system component models developed, covering the controller model, the control valve 

model, the simple hydraulic system model etc. Appendix B summarizes the step-by- 

step derivation of the steady-state model (called LMHD model) and Chapter Six shows 

in detail the derivation of the dynamic finite difference (FD) model for a cooling and 

dehumidifying coil with corrugated plate fins. Comparisons of predictions of the 

LMHD steady-state coil model and the FD coil model against manufacturers' 

performance data and experimental data from the literature are summarized in Chapter 

Seven. 

Chapter Eight describes the methods adopted to integrate the building model 

with the air-conditioning system models and introduces methods for solving the 

coupled responses of the building and air-conditioning system. The method adopted to 

enable different time-step sizes be used in the simultaneous simulation and to co- 

ordinate the time progress of the two groups of models is explained. Results of 

numerical experiments carried out by using the integrated building and system models 
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are summarized and discussed in Chapter Nine. The significance of the moisture effects 

and the importance of dynamic modelling for air-conditioning system are reported in the 

this chapter. 

Chapter Ten, the last chapter, contains a summary of the findings of application 

studies done using the integrated models, descriptions on where and how the model 

should be applied to study moisture problems in buildings and the recommended 

further work in this subject area which concludes the thesis. 
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Chapter Two 

Modelling Heat and Moisture Transfer in 

Building Fabrics 

To investigate in detail how significantly can moisture adsorption and 

desorption by porous building materials affect indoor humidity in intermittently air- 

conditioned buildings requires understanding of the coupled heat and moisture transport 

processes in porous materials. Although this subject has been studied for more than 50 

years and many methods have been proposed for explaining and modelling the 

phenomena, there is yet no single theory that is universally applicable. Nevertheless, 

those advanced by Philip & DeVries (54), Luikov (55-57), Harmathy (58-60), Berger & 

Pei (61), Scheidegger (62) and Whitaker (63) provided much insight into the problem. 

Heat and moisture transfer models have been applied to study moisture movement in 

soil (e. g. 64) and in drying processes in the chemical industry (e. g. 65). Applying the 

technique to the studies of moisture effects on building materials and on the indoor 

environment is a recent development. 

In this chapter, an overview of fundamental concepts in heat and moisture 

transfer in porous media is given. Various theories proposed for description of the 

phenomena and published work on building heat and moisture transfer are reviewed. 

This is followed by a review of the moisture sorption behaviour of concrete and cement 

paste. Finally, the approach adopted in this work is introduced. 
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2.1 Fundamentals of Heat and Moisture Transfer in Porous Media 

2.1.1 Equilibrium Moisture Content and Sorption Isotherm 

The mechanisms responsible for the detention of moisture within porous solids 

are highly complicated and are not yet fully understood (66). Different solids react 

differently to changes in moisture content (67) -a hygroscopic material (e. g. wood) 

contains a large amount of physically bound liquid and will shrink or swell as its 

moisture content changes (68) whilst a capillary-porous material (e. g. packed sand) 

contains a negligible amount of physically bound water and no significant change in 

volume with moisture content can be observed (67). When subjected to a particular 

steady environment for a sufficiently long time, the porous solid will attain an 

equilibrium moisture content but value of this will change as the environmental 

condition changes. A plot of the equilibrium moisture content (m) against relative 

humidity of the ambient air (RH) under a constant temperature, or the equivalent 

mathematical expression: 

m=m (RH) ; RH= 
Po 

(2.1) IT= 
const. pv 

is generally called the sorption isotherm of the material. This is the most widely 

accepted way of presenting the moisture sorption charateristics of porous media and is 

an important piece of information in studies on heat and moisture transfer in porous 

materials. 

Different porous materials may exhibit different shapes of sorption isotherms 

(66) but the S-shaped one (Figure 2.1) is typical among common building materials (69). 

Three regions (Figure 2.1a) can be identified which correspond to different states of 

moisture that present within the pores (58,69): 

1) In region I, water is tightly bound to pore surfaces due to forces of 

attraction between the molecules of the material and the water. Moisture 

adsorption at this region may be regarded as 'true adsorption' as it is 
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actually caused by the adsorbent-adsorbate interaction. The range of 

Pv/P' covered by this region is from 0 to about . 0.4 for many 

gases/porous material combinations. 

2) In region II, all pore surfaces are covered by at least one layer of water 

molecules and more layers of water start to build up. In this region, 

most water is contained within small capillaries, caused by the formation 

of curved liquid surfaces in these capillaries, and is relatively more free 

to move. Capillary condensation is the principal mechanism for 

accummulation of water in the pores. 

3) In region III, water is present in the large capillaries, also due to 

capillary condensation, and therefore the moisture content increases 

more rapidly with increase in Pv/P'v. 

2.1.2 lion Hysteresis 

In the region of true adsorption (region I in Figure 2.1a), the moisture content 

in the medium is normally independent of whether the equilibrium state was attained 

from a higher or lower initial moisture content (concrete and cement paste are 

exceptions - see 2.4 and Figure 2.1b). In regions II & III, the equilibrium moisture 

content of a porous solid corresponding to a given environmental condition in general 

does not have a unique value but is dependent upon whether the solid is adsorbing or 

desorbing moisture and from which initial condition the sorption process starts. This 

phenomenon is called sorption hysteresis which may be explained by the "ink-bottle" 

theory (70,71) and Cohan's "open-pore" theory (72.73) as reviewed by Harmathy (58) and 

Gregg & Sing (66). 

The sorption hysteresis phenomenon leads to problems in the determination of 

equilibrium moisture content of a porous medium. The biggest hysteresis loop is 

formed by the adsorption and desorption branches that can be measured by allowing the 

material to adsorb moisture starting from completely dry to full pore saturation and then 
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by drying the material back to the completely dry state. For studies involving 

adsorption or desorption starting from an intermediate moisture content, an 'effective' 

sorption isotherm, which is normally obtained by scanning tests (69,74) (called the 

scanning curve), has to be used. This scanning curve lies approximately mid-way 

between the completely dry to fully saturated adsorption and desorption branches and 

hence may be approximated by an average curve between the two branches (Figure 

2.1. b). Since building fabric materials are undergoing repeated cycles of adsorption and 

desorption due to the periodic changes in outdoor and indoor conditions, an average 

sorption isotherm may be used in studies of moisture transfer in porous building 

materials. Pederson (75) compared the calculation results obtained by using the average 

sorption curve against that by using a hysteresis model and concluded that equally good 

results can be obtained. 

2.1.3 Local Thermodynamic Equilibrium 

If the hysteresis effect is ignored and an average sorption curve is used as an 

approximation, the sorption isotherm provides a convenient means for'determining the 

equilibrium moisture content of a porous medium from the knowledge of the value of 

P, /Po or vice versa. However, when the equilibrium condition is upset, exchange of 

water molecules between the liquid water and the air/vapour mixture within the pores 

(i. e. evaporation or condensation) will start and transport of moisture from one region 

to another within the medium or exchange of moisture with the ambient air will follow 

immediately. 

Since deviation from equilibrium is a necessary condition for heat and moisture 

transfer to take place in a porous medium, it appears therefore that whenever there are 

heat and moisture transports, the moisture content within the medium could no longer 

be determined from the equilibrium moisture content relation. This is true if equilibrium 

of the entire piece of material is concerned. However, based on Kelvin's equation, 

Claesson (77) showed that corresponding to a decrease in ambient relative humidity (or 

P,, /Pp, ) by just 1%, the reduction in liquid water pressure required to prevent 
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evaporation whilst maintaining thermodynamic equilibrium within the pores will 

amount to 13x 105 Pa*. The only situation under which a high tension state in the liquid 

water is possible is when there exists a suitably curved water surface (i. e. surface 

tension effect). If this cannot be attained, then, the liquid water in the pore will 

completely evaporate into vapour. Because of the extremely large change in the liquid 

water pressure in the pores that will result from a small perturbation to the equilibrium 

condition in a localized region within the medium, the evaporation or condensation 

process, which will help re-establishing thermodynamic equilibrium in the region, will 

take place spontaneously. Therefore, the assumption that equilibrium conditions exist in 

localized regions is valid even during a violent dynamic process. 

2.1.4 A Simplified Picture of Moisture Sorption in Porous Media 

In reality, the equilibrium condition between the liquid water and water vapour 

in the pores of a porous medium will be influenced by the presence of salts in the 

liquid. This gives rise to osmotic pressure which modifies the pressure of the liquid 

water (77). However, to account for the effects of salts in the liquid within a porous 

medium will be highly complicated whereas analyses done with such effects ignored 

provided results that are in good agreement with experimental data (e. g. 1,8,53), Hence, 

in this work, osmotic effects are ignored. To simplify the analysis further, assumption 

is made that the substances that present within the pores include only liquid water, 

water vapour and dry-air. Also, the dry-air is assumed to be a single component gas 

rather than a mixture of gases (of N2,02, etc. ); the air/water vapour mixture is 

assumed to be a binary mixture; and the dry-air, the water vapour and their mixture are 

all assumed to be perfect gases. Furthermore, the solid phase is assumed to be a single 

component homogeneous material. 

" This abnormally high pressure was purely a theoretical prediction made under simplified 
assumptions but will not be reached in reality. For example, with the presence of osmotic 
pressure, the liquid pressure will increase with concentration of the salt in the liquid phase (see also 
2.1.4). However, Claesson's analysis points out clearly that there will be large changes in liquid 
pressure with relative humidity changes. 
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From equation (2.1) it can be seen that the equilibrium moisture content of a 

porous material is a function of vapour pressure and temperature, i. e., 

m= m(Pv, T) (2.2) 

Instead of expressing the equilibrium moisture content of porous materials as a function 

of relative humidity or vapour pressure and temperature, Vassiliou and White (78) 

proposed that the equilibrium sorption relationship can be expressed as a function of a 

single parameter, i. e. the mean radius of curvature of liquid surfaces in the pores (r), as 

follows: 

m= m(r) (2.3) 

In conjunction with the Kelvin equation (59,77) which relates the radius of curvature to 

the vapour pressure and temperature, 

am 2 

PwRT In 
I Pv 

Pv 

(2.4) 

a simplified picture of how moisture can be detained within porous media and how it 

will vary may be seen, albeit the actual mechanisms, as mentioned earlier, are much 

more complicated: 

1) Rearranging equation (2.4) in the following form shows that the vapour 

pressure within the pores is a fraction of the 'flat-surface' or 'free- 

surface' saturation vapour pressure (P0, where r is infinity) at the same 

temperature: 

Pv_exp J_2a My 
o RT Pv PWr 

(2.5) 

Noting that P, is the saturation vapour pressure at the surface of a 

curved liquid surface within the capillary like pores of the medium, it 
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ý, m.,..., ý, ý,.. 

can be seen that due to capillary (or surface tension) effect, the 

saturation vapour pressure is much reduced as compared to the 'free- 

surface' value; the smaller the radius r, the smaller P� will be. A 

difference between the vapour pressure in the pores and in the ambient 

air will cause water vapour to migrate from the higher vapour pressure 

region to the lower ones. This explains why vapour moisture can 

migrate into the interstices of the porous medium, condense into liquid 

phase and that liquid and vapour phases can co-exist within the pores, 

even when the vapour pressure of the ambient air is much lower than the 

free-surface saturation value. As the value of r is dependent on the size 

of the internal pores of porous media, it also explains why the internal 

pore size distribution has a dominant effect on the equilibrium moisture 

content and on the transport of moisture in porous media. 

2) From equation (2.4), it can be seen that parameters affecting the value of 

r include surface tension, water density, temperature and P JPv (which 

also equals to the relative humidity of the ambient air with which the 

medium is in thermodynamic equilibrium). Although the surface tension 

and the water density are both temperature dependent and there is a 

temperature term in the equation, because of the log function, P�/P', is 

the dominant parameter. Hence, if the change in temperature in a heat 

and moisture transfer process is not large, the sorption isotherm with 

moisture content expressed as a function of P�/Pov for a given 

temperature may be used for other temperatures as a reasonably good 

approximation in studying the moisture sorption behaviour of the 

material throughout the process. 

3) The value of PO is a function of temperature only (and is directly 

proportional to temperature). Hence, if the porous medium is subjected 

to the same ambient conditions but its temperature is increased, the value 

of P�/P° will be lowered. Consequently, liquid water within those pores 
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where the radius of curvature is larger than that given by equation (2.4) 

will quickly evaporate into water vapour thus increasing P, within the 

pores. Because of the large difference in density between the liquid and 

vapour phases of water, a minute reduction in liquid moisture content 

will suffice for restoring the local thermodynamic equilibrium condition 

and this process will take place almost instantaneously. Therefore, 

before moisture can transport from one region to another, the moisture 

content (m) at a particular region within the porous material immediately 

at the start of the transfer process will basically retain its original value 

and as will the P"/P° ratio and r but the values of P" and Pov are both 

increased. This gives rise to a difference in vapour pressure between the 

air-vapour mixture in the pores of the medium and the ambient air and 

consequently the medium will start giving off moisture to the ambient 

air. This in fact is the familiar drying process for a porous medium 

when it is heated and the reverse will happen when there is a drop in 

temperature of the medium. It can be seen therefore that moisture 

transport within a porous medium can be established due to the 

existence of a temperature gradient. It must be pointed out here that the 

effects of a temperature gradient on moisture transfer referred to in this 

work relate to the effects as described in this section rather than the 

Soret effect (79). In this study, Soret effect is ignored. 

4) Also, if the disturbance to the equilibrium conditions happens only at a 

localized region in the porous medium, transport of moisture will take 

place from the disturbed region to the adjacent ones thus upsetting the 

thermodynamic equilibrium conditions in the nearby regions. 

Evaporation or condensation therefore will also take place in these 

regions for restoring equilibrium and the disturbance will propagate 

through the medium. Hence, it can be seen that moisture can transport 
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from one region to another within a porous medium through a series of 

evaporation and condensation processes at the intermediate positions. 

2.1.5 Heat of Sorption 

Whenever evaporation or condensation occurs in the pores of a localized region 

within a porous medium, the process has to be sustained by a change in internal energy 

of the substances in the region including the solid, liquid and the gas mixture within the 

pores. Assuming that all constituents of the gas mixture may be regarded as perfect 

gases and that the value of heat of evaporation or condensation (or heat of sorption) 

does not change significantly, the vapour pressure in the pores may be related to the 

heat of evaporation by the Clausius-Clapeyron equation (76): 

Pv= 
ä exp 

{- hfg R} (2.6) 

where "a" is an integration constant. Re-arranging (2.6) yields the following equation 

which may be used for evaluation of the heat of evaporation in porous media: 

hfg -- In (a Pý } (2.7) 

As the Clausius-Clapeyron equation applies both for free and curved water surfaces, in 

conjunction with the Kelvin's equation, it may be seen that due to the effect of surface 

tension, the heat of evaporation in porous media is higher compared with that at a free- 

surface: 

hfg = hfg+ 
2 O' 

p,,, r 
(2.8) 

2.1.6 Basic Form of Equations Governing Coupled Heat and Moisture Transfer 

To model simultaneous heat and moisture transfer in a porous medium is much 

more complicated than to model sensible heat transfer alone. A mathematical model 

comprising a set of partial differential equations (PDEs) may be derived starting from 
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basic principles of mass, momentum and energy conservation (79). With reference to an 

elemental control volume within the porous material and based on the assumption that 

there exists local thermodynamic equilibrium, one equation of the following form may 

be derived for each quantity taking part in the transfer process (i. e. the mass, 

momentum and energy of each substance present in the pores): 

Rate of Flux Flux Net rate of 
accumulation transporting transporting generation 
in the = into the - out of the + within the (2.9) 
control control control control 
volume volume volume volume 

Let Oi denotes the ith quantity in transport, the equivalent mathematical expression will 

be: 

=-V-(J ý. )+s,. 

where i=1,2,... nand 

(2.10) 

n= the number of different quantities taking part in the transfer process 

The equations (one for each quantity) are strongly coupled to each other because: 

1) rate of moisture transfer is affected not only by the gradient of one 

single state variable (in particular, the temperature gradient has a 

significant effect on the "driving potentials" of moisture transfer), 

2) there will be evaporation of liquid water into water vapour and vice 

versa (this must be duly accounted for in the source term (Sq, ) in both 

the liquid water and water vapour continuity equations), 

3) the heat of evaporation or condensation must be accounted for in the 

energy equation (as the source term), and 

4) the addition or reduction of moisture content at a local position due to 

transfer of moisture in turn affects the rate of evaporation or 
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condensation that will take place to retain local thermodynamic 

equilibrium and hence the local temperature. 

Also, the sorption isotherm is often included to provide a relationship between the local 

moisture content and the state variables of the liquid and gases in the porous medium. 

The set of equations is in general highly non-linear because values of the transport 

properties are strongly dependent on the local moisture content and the sorption 

isotherm is non-linear. Therefore, analytical solutions are seldom available and 

numerical methods are normally adopted in solving the equations. 

In deriving the moisture conservation equation, a phenomenological equation of 

the following form needs to be adopted to describe the moisture flux terms (J, and J), 

similar to the Fourier's Law in heat transfer and the Fick's Law in mass diffusion: 

Moisture Moisture Transport Gradient of 
Flux = Property in the X the Driving (2.11) 

Material Potential 

Different state variables (and hence different associated transport properties) have been 

proposed as the "driving potential" and the major differences between different models 

(or theories) are primarily in the method adopted to account for this moisture flux term 

in the equations. However, there is yet no single theory that is universally applicable to 

heat and moisture transfer processes in a wide range of porous media and under all 

possible ranges of conditions. Treatments inevitably have to be specific to the situation 

and be limited in applications. 

2.2 Theories of Heat and Moisture Transfer in Porous Media 

Much early work in this subject treated the moisture transport phenomenon 

simply as a liquid diffusion process (80-82). In this theory, moisture transport is driven 

solely by the concentration gradient of liquid moisture and accordingly, is described by 

Fick's law. For one-dimensional moisture diffusion with constant diffusivity, the 

governing equation is: 
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ac a2c 
=D aX2 

(2.12) 

As pointed out by Hougen et al (83), better agreement with experimental results may be 

achieved by regarding the diffusivity as a variable (a function of moisture content) and 

thus the equation becomes: 

ac a ac (2.13) 

This type of model had been applied to predict moisture movement in drying processes 

(84). In this type of simple diffusion model, the diffusion coefficient 'D' is a parameter 

that needs to be determined experimentally and is used to take account of effects of all 

the transport mechanisms that take place simultaneously. However, it is clear that the 

effect of temperature gradient is ignored in this approach. 

In other early studies on drying of soil and organic materials, it was postulated 

that moisture flow is due to surface tension forces or capillary action and hence the 

gradient of capillary potential (85) is regarded as the driving force for moisture 

movement in unsaturated porous media. Good agreement between results obtained by 

using this theory and experimental results was found in drying of granular substances, 

e. g. in the studies of Ceaglske & Hougen (86) on drying of sand. Their work also 

explains the phenomenon that moisture may flow in the direction of increasing 

concentration. 

Hougen et al (83) had pointed out that there are limitations in the diffusion 

theory, however, moisture may move by vapour diffusion through a solid provided a 

temperature gradient is established. In the later stage of drying, i. e. the "pendular stage" 

(where continuous threads of liquid water have been broken up into isolated patches 

staying inside relatively smaller pores), the mobility of liquid water is greatly reduced 

and moisture transport takes places predominantly in the form of convection and 

diffusion in the vapour phase (87,88). The liquid water in a capillary pore can migrate to 
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other pores only after the water has been evaporated into the vapour phase. The 

evaporation and condensation theory as advanced by Henry (89), Gurr et al (90) and 

others is based on the assumption that the pendular state exists and this has been proven 

to be essentially correct when the system is subject to a temperature gradient (90.91). 

The diffusion theory, capillary flow theory and evaporation and condensation 

theory were the three most widely accepted theories on moisture transport in porous 

media in the 1950's but have been more recently refined and extended (e. g. 54,55-57,59 & 

61). The major improvements to the previous theories have been in combining 

contributions to the movement of moisture due to different driving forces. For example, 

Philip and DeVries (54) derived a coupled heat and mass transfer model based on the 

assumption that moisture moves by both vapour diffusion under the action of a vapour 

density gradient and capillary flow under a capillary pressure gradient. Instead of the 

"physical" driving forces, the moisture flux terms (liquid and vapour fluxes) in their 

equations were expressed in terms of temperature and moisture content gradients: 

W=V" (DW VU) +V" (D VT) (2.14) 

pB CB 7F =V" (kT VT) + hfg 0" (Dv VU) (2.15) 

Effects of converting density of water vapour and capillary water pressure within the 

pores into moisture content and temperature were incorporated into the diffusivity terms 

(transport properties) in the governing equations. 

It can be shown from the theory of irreversible thermodynamics (92,93) that the 

driving potential for moisture transfer in porous media is actually the total water 

chemical potential (including components of water chemical potentials due to surface 

tension, hydrostatic pressure, osmotic pressure, gravitational effect, etc. ) and 

temperature (56.94,95). Starting from the principles of irreversible thermodynamics, 

Luikov (55-57) lumped together all the components of total water chemical potential and 

derived a set of equations similar to that of Philip & DeVries. His model has been 
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widely referred to in recent publications on this subject. In Luikov's model, total 

moisture transfer includes flow of both liquid and vapour phases and each of them 

consists two parts; one due to the total moisture content gradient and the other due to 

the temperature gradient. The model consists the following PDEs: 

=V" (K1l VT) +V" (K12 VU) (2.16) 

DU 
=VV. (K21 VT) +VV. (K22 VU) (2.17) 

An additional pressure equation is also included in this model (55) to take account of 

moisture transport due to convection when there exists a significant pressure gradient 

within the porous material (this kind of flow is also called 'filtration flow' and may be 

described by the Darcy's law (67)). The coefficients in the above equations are 

composed of physical and heat and moisture transport properties of the constituent 

substances (e. g. densities, specific heats, molecular weights, mass diffusivities, 

thermal conductivities, etc. ), as well as derived parameters relating contributions to the 

total moisture transfer which include the phase change coefficient and the thermal 

gradient coefficient (55)" The phase change coefficient represents the relative 

contribution of evaporation to an increase in vapour moisture in the pores whereas the 

thermal gradient coefficient represents the ratio of total (liquid and vapour) moisture 

transfers due to a temperature gradient to that due to diffusion. These derived 

coefficients enabled the governing equations be presented in a neat format but created 

problems because appropriate numerical data of the parameters are difficult to obtain. 

To describe mass transfer between two different porous materials that are in 

contact, Luikov introduced the concept of "mass transfer potential" (M) for use as the 

driving potential for moisture transfer in and between porous media (instead of 

moisture content) - analogous to temperature being the driving potential in heat transfer. 

This is needed when moisture transfer within composite materials is studied (as 

moisture can migrate from a lower moisture content material to a higher one), but also 
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makes the required materials data even more difficult to obtain. Mass transfer potential 

is defined with reference to a standard body (filter paper) and is a function of moisture 

content and temperature of the material. Its value for a sample porous body is given by 

the ratio of the moisture content of the reference body when it is in thermodynamic 

equilibrium with the sample body (Us) to the maximum moisture content of the 

reference body achieved in the process of sorption of water steam (Usm), multipled to 

100 "mass transfer degrees" (°M), viz: 

M=U-x 100 (°M) Usm (z. i s) 

From its definition, it is clear that mass transfer potentials of two pieces of different 

material that are in thermodynamic equilibrium with each other are of identical value and 

will be a continuous function across the interface of two adjoining materials where there 

is mass transfer from one to the other. In Luikov's model, the equilibrium moisture 

content relation (sorption isotherm) is not explicitly used but the mass transfer potential 

and the associated phase conversion coefficient, thermal gradient coefficient and 

moisture diffusion coefficients are all functions of moisture content (and temperature) 

and these functional relationships corresponding to different porous media need to be 

determined experimentally (55). However, in some applications of this theory, these 

coefficients are assumed to be constants (e. g. 57,95,96). 

Extending from Krischer's theory (97), Berger & Pei (61) also treated mass 

transfer in two parts, i. e. flow of liquid due to capillary effect and vapour diffusion due 

to difference in partial vapour pressure, and used the sorption isotherm to close the set 

of equations. Berger & Pei's approach differs from Krischer's primarily in that in 

addition to the sorption isotherm, the maximum sorptional liquid content was assumed 

to be a function of temperature and that the Clausius-Clapeyron's equation was used to 

determine partial vapour pressure to cover the initial stage of drying where moisture 

content is equal to or larger than the maximum sorptional liquid content. This is 
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important in studies on drying of porous solids starting from saturated state but is not 

relevant to the present investigation. 

Some other researchers started their model formulation from the fundamental 

principles of irreversible thermodynamics but the water chemical potential was 

expressed in terms of other thermodynamic properties such as vapour pressure, 

temperature, moisture content, water vapour mole fraction, etc. (50,51,59,98). 

Harmathy (59) derived a set of partial differential equations for simulation of 

simultaneous heat and moisture transfer in capillary-porous media under the pendular 

stage (no bulk liquid movement) based on the evaporation and condensation theory and 

applied his theory to the study of drying of a piece of brick. In this theory, moisture 

transport is assumed to take place only in the vapour phase but liquid moisture content 

within the porous medium varies due to evaporation or condensation and this affects the 

rate of vapour transport. There are three equations representing conservation of mass of 

moisture, mass of dry air, and conservation of energy. Vapour transport mechanisms 

modelled include vapour diffusion due to a water vapour concentration gradient, 

convective flow due to a total pressure gradient, evaporation and condensation, and the 

effects of a temperature gradient on the moisture transfer driving potentials and the 

moisture content in the porous medium (through the temperature dependence of P, and 
hence r). The sorption isotherm of the material is employed to relate liquid moisture 

content to thermodynamic states of the air/water vapour mixture within the pores of the 

medium and thus provide a closed set of equations. Huang (50) and Huang et al (51) also 
derived a similar set of equations and used them to simulate drying of a concrete slab 

and a slab of cement paste. Huang (50) attempted to extent his model to cover the 

"funicular stage" (where contimuous water threads exist in the porous medium) by 

including a liquid diffusion model but how transition from the funicular to the pendular 

stage can be modelled was unclear. 

Whitaker (63) pursued formulation of governing equations for coupled heat and 

moisture transfer in porous media in a more rigorous way by first deriving conservation 
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equations for each component substance of the porous systems with each taken as a 

continuum. A volume averaging technique was then applied to yield the governing 

equations with state variables all presented in volume averaged form. In this process, 

the interactions between the solid, liquid and gas phases within a local averaging 

volume are taken care of by properly imposed boundary and interfacial conditions, and 

the physical meanings of various transport coefficients are clearly shown. Matsumoto 

(94) has more recently derived a heat and moisture transfer model using directly the 

water chemical potentials and temperature as the driving potentials for the coupled heat 

and moisture transfer in porous media. The model has been applied for the analysis of 

internal moisture condensation and re-evaporation in building walls (99,100) and 

moisture variations in wet soil (101). Unfortunately, the resultant set of equations from 

these rigorous approaches are much more complicated and the associated transport 

coefficients are difficult to evaluate. 

Although developed independent of each other, Luikov's equations (57) and 

those of Philip & DeVries (54) are very similar (compare equations 2.14 & 2.15 with 

2.16 & 2.17) and both models should give similar results. Berger & Pei's model (61) 

does not seem to offer much innovation over those of Philip & DeVries and Luikov. 

However, it has been pointed out that due to the assumption of constant "moisture 

diffusivity" and "specific moisture capacity" (when mass transfer potential is used), 

there are reservations on the validity of Luikov's theory when applied to non-isothermal 

conditons (61,63). In addition, unavailability of transport properties data remains a 

significant restriction to widespread application of the theories. The same applies to the 

approaches of Whitaker (63) and Matsumoto (94). Harmathy (59) and Huang's (50) 

approach is theorectically rigorous and the required transport properties data are more 

readily available but is restricted to materials that stay in the pendular state in the heat 

and moisture transfer process. 

Investigations done by various researchers as briefly summarized above show 

that several mechanisms (or theories) may be used to explain moisture transport in a 
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porous medium, i. e. liquid diffusion, vapour diffusion, capillary flow, convective 

transport, and evaporation and condensation, and that the temperature -gradient across 

the medium has significant effects on the moisture flow driving potentials and on the 

balance of liquid and vapour moisture content in the medium. Also, the moisture 

transfer is often a combined effect of more than one of these mechanisms -a 

diagramatic representation of the moisture transfer in a porous medium is given by 

Kohonen (98) (Figure 2.2). The total moisture transfer therefore may be ascribed to a 

combination of gradients of properties like moisture concentration, capillary force, 

vapour pressure and temperature. 

2.3 Investigations into Heat and Moisture Transport in Buildings 

Notwithstanding that there are uncertainties and limitations in the theories of 

heat and moisture transfer in porous materials, attempts have been made to apply them 

in investigations of simultaneous heat and moisture transfer in buildings. In countries 

with cold weather, accumulation of liquid moisture within building fabrics can give rise 

to deterioration of building materials or even serious damage to the building structure 

(18) and increase the energy consumption for heating (5). Therefore, significant work 

has been done on moisture migration in roofs and external walls of buildings (102,103). 

Most of the work in this area is based on simple, steady-state vapour diffusion theory 

(4,104,105) aimed at the assessment of condensation risk in buildings (106,107). There are 

more rigorous studies which have taken into account the effects of heat and moisture 

transfer taking place simultaneously (99,100,108-113) Since interstitial condensation is 

not a serious problem for buildings situated in warm and hot climate regions, not much 

attention has been given to moisture transfer in such buildings until recently, when the 

impact of moisture adsorption and desorption by building materials on the indoor 

humidity level and performance of associated air-conditioning systems have been 

recognized (6,7,9,114), 

Tsuchiya (9) developed a simple model for indoor humidity analysis which is a 

pioneer work investigated into the effects of wall moisture adsorption and desorption 
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on indoor air humidity level. In his model, the assumption is made that moisture 

adsorption or desorption takes place only up to a small depth from the surface of the 

building fabric material, i. e. in the outermost layer of the solid domain. The rate of 

moisture adsorption and desorption is proportional to the difference in humidity ratios 

(kg of water vapour per kg of dry air) between the indoor air and the boundary air film 

at the surface of the building wall. With reference to wood, a simple equation was 

proposed by Tsuchiya to relate the humidity ratio in the boundary air layer to the 

moisture content of the outermost layer of the material: 

wi=41 (UocTr-5.416) (2.19) 

This is equivalent to making the assumption that the boundary air layer is in 

thermodynamic equilibrium with the outermost layer of the wall and hence the equation 

is basically a curve-fit expression for the equilibrium moisture content relation of the 

wall material. To apply the equation, the average moisture content in the thin outermost 

layer of the wall (U0C) has to be known and this needs to be determined 

experimentally. A surface air dew-point probe (SADP) has been developed by Kusuda 

(6) which enables the coefficents (called "moisture sorption parameters" by Kusuda) 

that need to be input into Tsuchiya's model be calculated from the results of 

measurement using the probe. An infrared reflectance technique has also been used later 

(115) to replace the SADP. Tsuchiya's model is an attractive one due to its simplicity but 

its practicality and accuracy are doubted because: 

1) only very limited sorption parameter data have been published. Its 

validity will be confined, not only to the specific wall materials for 

which measurements were taken, but also to a limited range of indoor 

air conditions. 

2) Tsuchiya' equation includes the room temperature (T, ). It is unclear how 

this affects the relationship between the wall moisture content and the 

boundary air layer humidity ratio, and 
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3) this model does not include effects of heat transfer at the building fabric 

and hence will not be able to simulate temperature effects on moisture 

transfer in the building materials. 

Tsuchiya's model is basically a lumped parameter model. Instead of retaining 

the thickness of the wall and adjusting the convective mass transfer coefficient, the 

moisture behaviour of the wall was represented by a thin layer and "actual" convection 

transfer coefficient is used. The more recently developed effective moisture penetration 

depth (EMPD) concept (116,117) is actually similar to Tsuchiya's approach (see later 

discussions on the EMPD theory). 

The conventional lumped parameter approach has also been employed in many 

investigations on moisture adsorption and desorption by building envelopes and their 

effects on indoor humidity. In this approach, details of coupled heat and moisture 

transfer within the building materials are ignored and the rates of heat and moisture 

exchange between the building materials and the ambient air zone are assumed to be 

proportional to the difference in the corresponding representative (lumped) state 

variables (e. g. temperature or vapour pressure) between the solid and air domains. 

Based upon this, a set of ordinary differential equations may be derived. This approach 

has merits in that it is simple to apply and, with certain assumptions made, analytical 

solutions may be obtained. When the equations are solved in conjunction with 

appropriate material properties and transport coefficients (such as "effective" vapour 

resistance (111,117) and "effective" convective heat and moisture transfer coefficients, 

see discussion that follows), this method often leads to the definition of time constants 

characterizing the rate of response of the material and the air zone (108,118,119), The 

coefficients and material properties are often regarded as constants in studies taking this 

simple approach. 

If the internal moisture transfer resistance of a porous medium is small 

compared with the surface moisture transfer resistance, the moisture exchange between 

the medium and the ambient air is controlled by the latter and the moisture content 
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gradient within the medium will be negligible. In this case, the lumped parameter 

approach is an accurate and convenient method to describe the moisture sorption 

behaviour of the medium. This unfortunately is not true for most building materials 

(120) but the lumped parameter approach may still be applied to materials with 

significant internal resistances provided the mass transfer coefficients are appropriately 

adjusted to have this effect taken into account (hence are called "effective" transfer 

coefficents). However, evaluation of these "effective" coefficients is not simple except 

under simplified situations and their application will be restricted to limited range of 

conditions. Therefore, the lumped parameter approach was not adopted in the present 

investigation. 

In more elaborated investigations, a distributed parameter appoach is adopted in 

which the coupled heat and moisture transfer is modelled by partial differential 

equations (PDEs) and, in general, the set of PDEs are solved by numerical methods. 

The approach of using a Fick's Law like equation to relate the total moisture flux to 

either a moisture concentration gradient or a vapour pressure gradient has been applied 

in studies on the effect of moisture storage of walls on indoor air humidity. For 

example, Isetti et al (10) related the vapour moisture flux within a wall of an air- 

conditioned room to the gradient of vapour moisture concentration in the wall and 

derived a PDE for the description of moisture transients in the room fabric. The vapour 

moisture diffusivity in their model is a function of the vapour permeability and sorption 

characteristics (hence the sorption isotherm) of the material. By assuming that the 

diffusivity is a constant, a linear PDE similar to the Fick's second law (equation 2.12) 

was obtained. The linear wall moisture equation was coupled to an air-zone moisture 

mass balance equation and the model was used to analyse the periodic variations of 

indoor humidity in a room with all sources of moisture and outdoor air humidity 

variations represented as sinusoidal functions. Their results show that significant 

damping effect on fluctuations of indoor moisture level is present due to the moisture 

sorption properties of the building fabric. However, effects of heat transfer across the 

building fabric was ignored in their analysis and the case studied was based on a 
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constant indoor temperature which is equivalent to assuming that the air-conditioning 

system for the room was continuously operated. 

The combined effects of wall moisture adsorption and desorption and 

intermittent air-conditioning has recently been investigated in Hong Kong by Wong (1) 

and Wong & Wang (2). Some experimental and site survey findings are also reported in 

their papers which clearly show the significant effect of intermittent air-conditioning 

(see Section 1.1). Wong & Wang's model resembles that of Philip & DeVries (54) in 

that the total moisture flux (liquid and vapour) was ascribed to a liquid moisture content 

gradient and a temperature gradient, each with a different diffusivity, and the 

relationship between capillary pressure and moisture content was mentioned. In 

deriving the model, the temperature gradient effect was subsequently neglected on the 

assumption that the moisture diffusivity associated with the temperature gradient was 

much smaller than that with the moisture content gradient. Because liquid and vapour 

moisture diffusion were lumped together and described as total moisture transfer, the 

liquid-vapour phase change rate term was absent from the moisture flow equation and 

no account was made of the heat of evaporation or condensation in the porous material 

in the energy balance equation. Their model therefore is basically a liquid diffusion 

model. As a consequence, the moisture and heat transfer equations are decoupled at 

interior nodes in their model but they did take account of the heat of evaporation or 

condensation at the boundary nodes. In simulation calculations, the moisture diffusivity 

was assumed to be constant. Due to the serious restrictions imposed by the 

assumptions made in Wong & Wang's model, their model could only be valid for 

building materials that are not subjected to a significant temperature gradient. 

Shukuya & Saito (8) used a controlled volume approach to study the effects of 

wall moisture adsorption and desorption on indoor humidity changes in a room under 

step changes of outside air temperature and humidity. Their model is basically a vapour 

diffusion model with evaporation and condensation. Vapour moisture transfer was 

assumed to be driven by the gradient of humidity ratio of moist air within the porous 
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material and no liquid moisture movement was accounted for. Hence the model applies 

only to the pendular state. Adsorption and desorption coefficients characterizing the 

moisture sorption properties of the materials were defined with reference to the 

equilibrium moisture content relation (sorption isotherm) of the materials. By assuming 

that evaporation and condensation within the porous materials has little effect on local 

temperature and that the material has constant heat and moisture properties, the energy 

conservation equation in their numerical model is decoupled from the vapour moisture 

mass conservation equation but effects of temperature changes on moisture balance are 

accounted for in the moisture equation. This allows the energy equation be solved first, 

independent of the moisture equation, and the results then can be used in the solution of 

the moisture equation. 

Orginating from the Finite Element Method Application Language Program 

(FEMALP) developed in Kerestecioglu's PhD work (121), a model called Moisture 

Adsorption And Desorption Analysis Method (MADAM) has been developed (7,122) in 

which Luikov's differential equations (55-57) are applied to model the coupled heat and 

moisture transfer in porous building materials. The model is an elaborate one and has 

been validated against some experimental data. 

For applications in building cooling load analysis, MADAM has been 

incorporated into the TARP building thermal anslysis program (123) and the resultant 

computer package is called MADTARP (7,122). In MADTARP, assumptions are made 

that: 

1) only the outermost layer of the building envelope material participates in 

the moisture adsorption and desorption process; 

2) the moisture adsorption and desorption behaviour of the layer may be 

lumped and therefore has a uniform moisture content; 

3) this layer is always in thermodynamic equilibrium with the boundary 

air-layer above its surface; 
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4) due to 1) - 3), the moisture conditions in the material's surface layer can 

be related to the surface air-layer conditions; and 

5) the moisture exchange between the building fabric and the indoor air 

(and similarly between the building envelope and the outdoor air) can 

be fully accounted for by just considering the mass of the surface layer 

that participates in the moisture adsorption and desorption process, i. e. 

by artificially varying the dry mass of the building fabric. 

Effect of furnishings is to be treated similarly. 

It can be seen that assumptions (1)-(4) are similar to those made by Tsuchiya 

(9). In MADTARP, it goes further to evaluate (by using MADAM) the depth of the 

moisture adsorption and desorption layer and uses that to calculate rate of moisture 

adsorption and desorption at the building materials. This method has later been 

published separately and called the Effective Moisture Penetration Depth (EMPD) 

theory (116). In MADTARP, MADAM acts as a pre-processor from which the 

coefficients of expressions correlating the moisture content of the building material to 

the surface air-layer conditions are calculated and fed to the TARP program for indoor 

air conditions and cooling load calculations. According to the authors (122), predictions 

from MADTARP have been verified against some experimental findings and good 

agreement was achieved in those cases. 

The building thermal model in the original version of TARP (123) is basically a 

conduction transfer function model (5) which is valid only for calculations of sensible 

heat transfer across building envelopes where thermal conductivities of materials are 

constants. It is not applicable to modelling of coupled heat and moisture transfer across 

the building envelope given the fact that heat and moisture transfers are coupled and the 

governing equations are non-linear. In MADTARP, the set of precedures incorporated 

into the basic TARP program for estimation of moisture exchange between the indoor 

air and the building envelope appears to be just an added-on routine which would only 
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affect the water vapour mass balance calculation for the "air-zone" but would not 

modify the sensible heat transfer within the building envelope calculated by the basic 

TARP procedures. The MADTARP model therefore would not be a truly simultaneous 

heat and moisture transfer model. 

The concept of EMPD theory is in fact similar to the use of "effective" transfer 

coefficients in the lumped parameter approach (117). Instead of using the "real" 

thickness of the material and the "effective" transfer coefficients, an "effective" 

thickness (the EMPD) and the "real" moisture transfer coefficients are used in this 

method. This would require less effort in the solution process as compared to solving 

the PDEs for the coupled heat and moisture transfer. However, the effort for obtaining 

appropriate values of EMPD may be substantial and different values of EMPD may be 

required for different operating conditions, particularly in simulations over long periods 

where there are appreciable changes in moisture content (see Chapter 9). Hence, as the 

authors of the theory themselves remarked, this concept needs to be used with caution 

and good judgement. In addition, due to the use of Luikov's theory, not much transport 

data of materials are available for use with MADAM for generating the required 

correlations for some building materials that may be encountered in real buildings. For 

example, even though an extensive survey of available moisture transfer property data 

has been carried out by Kerestecioglu et al (95), data on the coefficients required by 

Luikov's model for modelling heat and moisture transfer in concrete are missing. 

Air-conditioning system performance can also be modelled with MADTARP 

though the models used to describe the air-conditioning system performance are curve- 

fit models based on steady-state manufacturers data. Becasue of the limitations of the 

EMPD theory and detailed air-conditioning system model is not available, the 

MADTARP program is not appropriate for the present investigation. 

An evaporation and condensation model has also been proposed by 

Kerestecioglu & Gu (124), as an alternative to the Luikov's theory but vapour moisture 

transfer was assumed to be due to diffusion only, driven by a vapour density gradient. 
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The moisture diffusivity was related to the molecular diffusivity of water vapour 

through the use of a "tortuosity" factor which in turn can be related to the permeability 

of the material. The equation to be solved in this model is slightly more complex than 

those of Luikov's theory but more material property data (permeability and sorption 

isotherm) are available (95). 

A major difference between this and Huang's model is in that the latter included 

the treatment of dry air transport within the porous solid, which was considered to have 

a significant effect on moisture transfer in the material (125). Both the evaporation and 

condensation models of Huang (50,51) and Kerestecioglu et al (124) have been applied to 

a single piece of building material but extension of the model for investigation of indoor 

humidity transients in a building envelope has not yet been made. This formed one of 

the objectives of this work. 

2.4 Moisture Transfer in Concrete and Cement Paste 

From the above review on various theories proposed to describe heat and 

moisture transfer in porous media, it can be seen that because of the assumptions made 

in their development, there are restrictions to the application of the theories. One theory 

may be particularly suitable when applied to heat and moisture transfer in a specific 

kind of material and under a particular range of conditions but may not be equally good 

for other materials and conditions. As concrete is the major construction material in 

Hong Kong, it is important in the present investigation to understand the moisture 

properties of this material so as to determine which method will be the most 

appropriate. 

Concrete is made by mixing cement powder with water and aggregates (sand 

and stones). It may be regarded as a two phase material with the aggregates dispersed 

in a matrix of hardened cement paste (h. c. p. ) which is formed in the hydration process 

that takes place after water is added to the cement powder. The aggregates are usually 
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inert in comparison with the h. c. p. in that they do not hydrate and do not shrink or 

swell. Hence, most of the properties of concrete derive from the h. c. p. (67). 

The h. c. p. has a peculiar microstructure (126,127). Its basic constituent is formed 

from rolls of sheets of colloidal calcium-silicate hydrate of a thickness of up to a few 

hundred A, embeded with crystals of Ca(OH)2 and some other minor components 

(58,128). This colloidal mass together with the crystalline particles is called cement gel. 

Due to its thin sheet structure, cement gel has very large specific surface and very fine 

pores (called gel pores). The specific surface of h. c. p. is approxmately 250 m2/g 

whereas that of cement powder is only 0.3 m2/g (67). The gel pores are about 15 A in 

size and amount to about 28% of the gel volume (58,67). Besides the gel pores, there are 

also capillary pores in the matrix of h. c. p., which are residues of water-filled spaces in 

the fresh paste and are much larger in size (approx. 500 A). The porosity of a slab of 

h. c. p. therefore may be up to 40% or more depending on the water-cement ratio 

adopted in making the cement paste. 

Due to the existence of pores within the cement gel, water can exist in different 

states within these pores, including (1) water vapour, (2) free water in the capillaries, 

(3) adsorbed water on the internal solid surfaces, (4) interlayer water penetrated into the 

lattice layers of the gel solids and (5) chemically combined water (or water of 

hydration), and it is impossible to isolate the water of one state from that of any other. 

In a drying process, it is possible to have desorption and partial dehydration to take 

place simultaneously and rehydration can occur in a subsequent adsorption process. 

This is believed to be the cause for the difference between sorption isotherms of h. c. p. 

from other building materials in that the adsorption and desorption branches remain two 
distinct curves at 

Po 
< 0.4 (58) as shown in Figure 2.1b. 

V 

Notwithstanding the peculiarities in internal structure of hardened cement paste, 

the fundamentals and the methods of describing heat and moisture transport in porous 
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media as summarized in the preceding sections in general apply to concrete and cement 

paste. Nevertheless, as Harmathy (60) and Huang (50) have pointed out: 

a) Due to the exceptionally large specific surface in hardened cement paste, 

it can hold a substantial amount of moisture in equilibrium with a normal 

atmospheric environment - the larger is the internal pore surface area in 

relation to the pore volume, the more moisture can be retained, 

b) consequently, in drying of a cement paste from a high pore saturation, 

the constant rate period corresponding to the "funicular state" of the 

medium (where continuous water threads exist in the pores) will quickly 

end. The cement paste will then reach the so-called pendular state (water 

threads are broken up) with a substantial amount of liquid water left in 

the pores. 

c) When in the pendular state, the liquid water has a much lower degree of 

mobility so that the principle modes of moisture transfer will be 

diffusion and convection of the gaseous phase induced by pressure 

gradients, and 

d) transport of moisture in the gaseous phase is possible only if liquid 

moisture is vapourized first. Hence, evaporation and condensation is the 

dominant mechanism of liquid moisture transport in the pendular state. 

Under normal conditions, concrete walls and slabs and cement plasterings in 

completed and occupied buildings can seldom be in the funicular state. Hence, capillary 

flow of moisture, which applies to the funicular state, can be neglected. Also, 

dehydration of the cement gel in concrete building structures should seldom happen 

unless subjected to an extraordinarily high temperature environment such as in a fire. 

The moisture transport in concrete and in cement plastering therefore should be 

modelled with reference to the pendular state where the pre-dominant mode of transport 
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is vapour diffusion and filtration flow (convection) with changes in adsorbed liquid 

moisture effected by evaporation and condensation of liquid water. 

2.5 The Methods Chosen for Modelling The Coupled Heat and 
Moisture Transfer in Concrete Buildings in Hong Kong 

To facilitate assessmemt of the effect of building fabric moisture adsorption and 

desorption on indoor air humidity variations, which is one of the objectives of this 

research, heat and moisture transfer in the building fabric has to be properly modelled. 

To do this, a choice has to be made of which theory, among various theories proposed, 

is to be used for description of the phenomena. As no single theory will be able to 

cover all possible kinds of materials and ranges of conditons, a choice can only be 

made with regard to the specific kind of material to be modelled and to the situation 

being studied. In this work, focus is put on building materials made from cement and 

aggregates as these are the predominant construction materials used in Hong Kong. 

It has been made clear that any model that neglects the effect of temperature 

gradient on the moisture transfer driving potential would be inadequate. Vapour 

diffusion, effects of temperature, and evaporation and condensation, which are the 

dominant mechanisms for moisture transfer, must be duly accounted for. However, 

whether or not liquid transport (by diffusion or by capillary effect) is accounted for is 

unimportant as cementitious building materials normally stay in the pendular stage. The 

moisture transfer driving potential(s) used in the modelmust be continuous functions 

across adjoining layers of different materials as building walls are often composite 

walls. Furthermore, the building thermal model has to be coupled to detailed air- 

conditioning system models and a simultaneous solution is essential if the detailed aims 

of this work are to be addressed. Given the complexity of the problem, a balance 

amongst the competing factors of model rigour, accuracy and computing efficiency has 

to be sought. 
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Amongst various models reviewed, Luikov's theory (55-57), Berger & Pei's 

theory (61), Harmathy's model (59), Huang's model (50) and various models with 

vapour diffusion and evaporation and condensation taken into account (e. g. 

Keresteciogly & Gu (124)) satisfy the abovementioned criteria. It is difficult to tell 

which one would be the most accurate for studying a particular problem unless the 

theory has been validated by experimental findings. Unfortunately, up to now, none of 

the theories has been rigorously and extensively validated by experimental results. 

Nevertheless, as Kerestecioglu et al (95) pointed out, Luikov's theory and the 

evaporation and condensation theory appear to be the two most promising ones. 

Luikov's theory is considered to be a good model because it was developed from 

fundamental theory of irreversible thermodynamics and its equations are symmetrical to 

each other and are less complex (as compared to e. g. those of Whitaker (63), 

Matsumoto (94), Harmathy (59) and Huang (50)). When the equations are solved 

numerically, they have favourable behaviour in respect of stability and speed of 

convergence (95). The model is also applicable to a wider range of pore saturation 

conditions (hence is more general). Wide-spread application of Luikov's model 

however is restricted by the limited material property data available. 

As to models developed from the evaporation and condensation theory, 

Huang's model (50), amongst others, is the most elaborate one in that evaporation and 

condensation, vapour diffusion, temperature effects, and filtration flow are all properly 

modelled, based on sound theoretical backgrounds. The only restriction is that it applies 

only to moisture transfer in the pendular state. Huang's model is more complex than 

Luikov's model and will therefore be less efficient in respect of computing time 

required to obtain a numerical solution. However, property data are more readily 

available and the method has been applied to studies on heat and moisture transfer in 

concrete and cement paste (50,51). If it is ascertained that the porous medium stays in 

pendular state throughout the process, Huang's model should be more appropriate than 

Luikov's theory because the basic assumption in the latter that moisture transfer takes 

place both in liquid and vapour phases becomes invalid. 
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Considering that for concrete buildings, the fabric materials (e. g. structural 

concrete and cement plastering) are normally in pendular state and that the availability of 

property data is of vital importance, Huang's model was chosen for preliminary studies 

on the heat and moisture transport phenomena in concrete walls and slabs of buildings. 

Knowing that a model developed from the evaporation and condensation theory will be 

more demanding on computer time, starting from this rigorous model has the advantage 

that the relative contributions to the total moisture transfer due to various mechanisms 

can be assessed and any one that has little effect can later be neglected, leading to a 

simpler model. As detailed experimental data for verification of program predictions are 

rarely available, simulation results from this rigorous model may be used as a "bench- 

mark" to see whether a simpler model can simulate the heat and moisture transport 

phenomena with acceptable accuracy. A numerical model was developed based on this 

theory and coupled to a steady-state air-conditioning system model. A brief summary of 

Huang's equations, the methods adopted for discretization of the' PDEs involved, and 

the solution techniques adopted is given in Chapter Three. 
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Chapter Three 

The Building Heat And Moisture Transfer Model 

Based on Huang's Equations 

In this chapter, Huang's governing PDEs (50) are introduced, the methods 

adopted to develop a numerical model based upon these PDEs for modelling the heat 

and moisture transfer in a composite wall or slab are briefly desscribed and the method 

to treat boundary conditions is outlined. Finally, results of a simulation study on the 

comparative significance of various moisture driving potentials (in a slab of concrete 

and a slab of cement paste) are summarized. 

Based on the numerical wall/slab models developed from Huang's equations 

and simple lumped parameters models for a window and for the air enclosed in room, 

a building heat and moisture transfer model was developed. The building model had 

also been integrated with a simple air-conditioning system model and then applied in 

preliminary studies to assess the significance of building fabric moisture absorption and 

desorption effects on the indoor air humidity (52) (see Appendix D. 1). The window 

model, the room air model and the air-conditioning system model incorporated into the 

integrated model and the methods used to describe radiant energy exchanges among the 

walls, slabs and the window of a room are similar to those detailed in Chapter Four. 
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3.1 Huang's Equations for Coupled Heat and Moisture Transfer 

3.1.1 Assumptions 

Huang (50) derived a set of governing equations for coupled heat and moisture 

transfer in a porous medium based on the following assumptions: 

i) The multiphase porous system has isotropic properties and local 

thermodynamic equilibrium conditions exist in the porous system. 

ii) The solid matrix is rigid and homogeneous. 

iii) Liquid water, water vapour and air are the only substances present in the 

pores, the air in the pores is a single component gas, and both water 

vapour and air (and their mixture) are ideal gases. 

iv) The mass of water vapour is negligible in comparison with the mass of 

liquid moisture content. 

v) The liquid phase of moisture content in the porous system is stationary, 

i. e. pendular state exists in the medium; and 

vi) the local liquid moisture content may change due to vapour transport, 

evaporation and condensation, and this in turn affects the vapour 

transport. 

3.1.2 The Governing Equations 

The governing partial differential equations due to Huang are: 

20 22 

Ayt+B +CyT = Di z+E. ZjX4 +Fj 

+ G1 (nnj)2 + H1 (ý)2 + I1 (nj )2 

, (F. " 
a 

)+I{ý(F, " )+L, ( 
DP DT 

) 

fori=1,2&3. (3.1) 
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These three equations represent respectively the conservation equations for mass of 

moisture (liquid water and water vapour), mass of dry air and energy. Expressions for 

evaluation of the coefficients Ai to L1 associated with the derivative terms are given in 

Table 3.1. 

It can be seen from these equations that the state variables chosen to describe the 

transport phenomena include the mole fraction of water vapour in the air/water-vapour 

mixture (0), the gas mixture total pressure (Pg) and the local temperature (T). This is a 

good choice because the model can readily be extended to cover multi-layered walls and 

slabs in buildings as these variables are continuous functions across the interface of two 

adjoining layers of materials. Component terms of the coefficients Aj - L, in the 

equations however include the volume fraction of the gaseous phase (the mixture of 

water vapour and air) in the porous medium (eg), which is an additional unknown 

variable that needs to be solved simultaneously with the other three variables. The 

sorption isotherm of the medium was employed to provide the additional relationship 

required to close the set of equations. In Huang's model, the radius of curvature of 

liquid water surface in the capillary-like pores of the medium (r) was used in the 

sorption relationship of the medium, viz: 

E1= Eo - Cg (3.2) 

where E1= F. i (r) (3.3) 

and r=r ($, Pg, T) (3.4) 

Noting the relationship between P, Pg and 0 (P, =0 Pg, see Section 3.3), equation 

(3.4) is in fact equivalent to equation (2.4). 

In this model, the one-dimensional total moisture flux at an intermediate plane 

inside a porous medium is given by : 

Ma My aý aP 
(3.5) Jv=-pgESD N; ; xµ SSpg d'ýx ýý' S 
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which is based on the assumption that moisture transfer takes place by virtue of 

molecular diffusion, driven by a vapour concentration gradient (the first term at RHS of 

equation 3.5), and filtration flow due to a total gas mixture pressure gradient (the 

second term). The energy transport modelled includes contributions from heat 

conduction through the solid, liquid and gaseous phases of substances of the porous 

system as well as from energy transport associated with mass transport of dry air and 

water vapour. It also takes into account the heat of evaporation or condensation 

resulting from the liquid moisture content changes in localized regions in the medium. 

Being negligibly small as compared to the other modes of energy transport, the energy 

dissipation due to viscous effect in fluid flow was neglected. 

It can also be seen that this set of equations is non-linear and no simple 

analytical solution is available. A numerical technique therefore has to be used when 

applying them to model heat and moisture transfer in a porous medium. 

3.2 The Finite Difference Model Based on Huang's Equations 

A finite difference model for simulating simultaneous heat and moisture transfer 

in a wall or slab in a buildings was derived based on Huang's equations. It comprises a 

set of finite-difference nodal equations pertaining to the boundary nodes, the interior 

nodes and, for a composite wall or slab, the interface nodes. 

3.2.1 Interior Nodes 

For the interior nodes, the three non-linear partial differential equations 

(equation (3.1) for i=1,2 & 3) were each discretised into finite difference form by 

direct replacement of derivative terms with their corresponding finite difference 

approximations. The finite differencing scheme used was a backward-in-time, central- 

in-space scheme as detailed in Table 3.2. The FDEs for interior nodes so obtained are 

shown as equation (3.6) from which it can be seen that, at both sides of the equation, 

there are unknown incremental terms of the dependent variables (i. e. 04, iPg & AT 

which are respectively changes in values of the variables 0, Pg &T from the nth to the 
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n+1th time step at the interior node under concern (variables at the LHS of equation 

3.6) and the nodes adjacent to it at both sides (denoted by subscripts + and -)). 

A; 
o+Bj-AP-9 

+CiAT_ 
At At At 

t 
[«n - 2ýn + on 0O+ - 2AO + LO 1D. 

(QX)2 
+ 

lexl2 -1 

+E 
[Pýn - 2Pgn + Pg° 

+ 
AP g+ - 2APg+ 1Pg_1 

(AX)2 (Ax)2 

+ 
[T+ -2Tn+ T°_ OT+ - 2AT+ AT-1 

Fi 
(AX), 

+ 
(Ox)2 .J 

+ Gj L(ý+ 
n)2 

+2( 
ý+ 

" 
Ao+ _ Aý-)J 

2Ax 20x 20x 

nnnn 
+ Hi 

[(! 
_-_Pg)2 +2 (P g+ - Pit_ APg+ - OPA-) 

2nx 2ex 2ex 

Tn)z 
+2 (T- T" AT+ -AT + _)l 

Ax 2ex 2& 

g+ iz- o +e + Jj 
ýCy+-Yn Pte)+( ePg+-ePý+ýP n_p e ý_)l 

2ex 2ex 2ex 2ex 2ex 2ex 

AT+ AT, WT+-Tn 
20 2A x! 

` 2e 2ex 2e 2nx 

n_p 
+ L; 

[(PgPgT 
ýn +(P A+ A- . 

AT+ - AT-AP, 
_ll 

1 
20x 2Ax 20x 20x !` 2Ax 2Ax !. J J 

(3.6) 

Collecting these incremental terms to the left hand side, equation (3.6) may be 

simplified to (for i=1,2 & 3): 

( al E4_+ai20Pg_+ai3AT_)+(bil Ac+b12APg+b13AT) 

+(c110++C12APg++Ci3AT+)=di (3.7) 
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and expressions for the coefficients a, b, c and d are as shown in Table 3.3. A. 

The set of 3 equations for each interior node can be written in matrix form as follows: 

r all a12 a 13 
#- b1, b 

12 b13 00 
a 21 a 22 ass APg- + b21 b22 b 

23 LPB 

a31 a32 aas AT 
b3, b32 b33 

AT 

r 
C11 C12 C13 

Aý+ dl 

+ c21 C22 C23 APg+ = 
d2 (3.8) 

c 31 C32 C33 AT+ 
d3 

or more compactly 

[a]k (AX)k-1 + [b]k {OX}k + [C]k {OX}k+l = {d}k (3.9) 

where 

e0_ oo e0+ 
{OX}k-i = AP g_ ; {AX}k = OPg ; {OX}k+1 = APg+ 

AT_ 
, 

AT AT+ 

and k= node number in the wall or slab. 

3.2.2 Boundary Nodes 

By regarding the outermost layer of a wall or slab having a thickness of as a 

control volume, the finite difference nodal equation for a boundary node was derived 

by applying the principles of conversation of mass and energy at the control volume. In 

that, the mass and energy fluxes from the next interior layer to the layer at the boundary 

were decribed in exactly the same way as for mass and energy transfers between 

adjacent interior nodes whereas appropriate boundary conditions were employed to 

quantify the mass and energy transfer at the boundary surfaces (see Section 3.3). The 

boundary node FDEs derived are as follows: 

-58- 



1) The Moisture equation: 

ýý DP AT 2 RT Don- 
on AO - Aoa 

Al --ý -+B1 +Cl- = tE" +) 
At At At Ax MvPg MV 

Ax Ox 

n- n 

- E1 
P(e a+ APeAx 

Pgp) 
} (3.10) 

ii) The Energy equation: 

Aý 0P DT 2 T° T° AT - AT 
A3-ý-$3+C3-. - {q" - Fg ý a)} (3.11) 

At At At Ax Ax Ax 

where A, to E1 and A3 to F3 are coefficients identical to corresponding coefficients of 

the interior nodes and 

m" = moisture flux from ambient air to the surface. 

q" = algebric sum of convective and radiant heat fluxes entering the surface. 

Suffix `a' denotes quantities pertaining to the interior node immediately adjacent to the 

surface. 

iii) The Air equation: 

One additional boundary condition is required for simultaneous solution of iS4, 

APg and AT at the surface node which can be obtained by noting the fact that the gas 

pressure at the boundary is always equal to the ambient air-pressure, i. e.: 

Pg = Patm (3.12) 

where Pat, = atmospheric pressure which is assumed constant (i. e. the room air would 

not be subjected to pressurising/depressurising ventilation strategy, hence, AP, = 0). 

Re-arranging equations (3.10) to (3.12) gives the following matrix equation for 

a boundary surface node: 
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r 
all a12 a13 11 

Q#8 b11 b12 b13 Q# dl 

a21 a22 a23 QPge + b21 b22 b23 QPg' = 
d2 

a31 a32 a33 QTa 
b31 b32 b33 

AT 
d3 

(3.13) 

and expressions for the coefficients a, b and d are as shown in Table 3.3. B. 

3.2.3 Interface Nodes 

Finite difference equations for an interface node between two adjoining layers 

of different materials in a composite wall or slab were derived by first treating the 

outermost ix/2 thick layer in each material as a boundary node based on undetermined 

fluxes of water vapour, air and energy at the interface surface. The two sets of FDEs 

were then combined so that the undetermined mass and energy flux terms could be 

eliminated resulting in a set of FDEs relating parameters at the interface node to those at 

nodes adjacents to it. The resultant equation can be expressed in the same matrix form 

as for an interior node (equations 3.8 or 3.9) and the expressions for elements in the 

matrices are as shown in Table 3.3. C. 

3.2.4 Summary of Finite Difference Equations for a Composite Wall or Slab 

The matrix equations for various nodal points in a wall or slab were combined 

to form a finite difference model, expressed as equation (3.14). 

The FDEs for boundary nodes of each wall or slab are coupled to the outdoor 

and indoor conditions as well as to internal surface temperatures at other walls and 

slabs through equations describing the heat and mass flux terms at the boundary 

surfaces (which together form a mathematical model for a room in a building). 
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[a]1 [b]1 {X}1 

[a]2 [b]2 [c]2 {X}2 

}3 [al]3 [b]3 [C]3 M3 

.... 

[a]k [b]k [c]k {X}k 

... 
[a]N_I [b]N-1 [c]N-1 {X}N-1 

Eb]N [C]N {X}N 

d, 

d2 

d3 

= dk (3.14) 

d 
N-1 

dN 

3.3 Convective Heat and Mass Fluxes at Boundary Surfaces 

At the surface of a wall-(or slab), convective heat flux from the surrounding air 

to the wall surface, qc, is described by the Newton's Law of Cooling: 

9c=h(Tsr-T) (3.15) 

Similarly, the vapour moisture flux from the surrounding air to the wall surface, m;,, is 

given by: 

my = hm Eg (Pv, sr - Pv) (3.16) 

Here, the assumption is made that the net area over which the wall exchanges moisture 

with the surrounding air is proportional to the volume fraction of air-vapour mixture in 

the pores (Eg) at the surface layer of the wall. 

The convective heat and moisture transfer coefficient is assumed to be related by 

the Lewis relationship: 

(3.17) hm = 
pcp 

where p and Cp are based on the moist air, i. e. the mixture of dry air and water vapour. 
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The driving potential for vapour moisture exchange in equation (3.16) is a 

density difference. Noting that: 

n� 
-nv+na 

whereas 

RT 

pi - Mi 

pj=nj Mj forj=v, a 

P. 
.. nj = RT 

and - 
P, RT 

- 
P� 

RT Pv+Pa - Pg 

or 
Mpg 

P' 

Pv=Mv $ 

Using the above, the density difference was converted into a mole-fraction difference 

and by assuming that the difference in value between Tsr and T is small, equation 

(3.16) becomes: 

my = 
MRT hm Eg (3.18) 

where 0Sr = mole-fraction of water vapour in surrounding air. 

When applied to model the heat and mass transfer at the internal surfaces of the 

walls and slabs (and windows) of an enclosed space (i. e. a room), the radiant heat 

exchanges amongst the building fabric surfaces must be modelled. Assuming that the 

internal surfaces behave as gray surfaces, the method can be derived from well 

established methods for calculating radiant heat exchanges among gray surfaces in an 

enclosure (e. g. 129). However, for an exterior wall, the effect of solar radiation incident 
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upon the exposed surface of the wall must be accounted for and, when a window is 

included, solar radiation transmitted through the window must also be modelled. The 

methods adopted to model radiation heat exchange in the building are detailed in 

Chapter Four. 

3.4 Comparative Studies on Significance of Driving Forces for 
Moisture Transfer 

3.4.1 Results Obtained by Using The Numerical Model 

The numerical studies carried out by Huang (50) and Huang et al (51) on drying 

of a piece of concrete slab and a slab of cement paste were repeated using the computer 

model developed. In that model, the conventional successive back-substitution method 

(with underrelaxation) (130) was employed to solve the set of FDEs. The studies were 

carried out at conditions as summarized in Table 3.4. Simulated results for the two 

cases studied are as shown in Figures 3.1 and 3.2 which are almost identical to those 

presented by Huang and Huang et al. 

3.4.2 Moisture Flux Components 

The moisture flux components due to molecular diffusion (the first term in 

equation 3.5) and filtration flow (the second term in equation 3.5) were calculated 

separately based on the results at intermediate time-steps calculated in the above 

numerical studies so that the relative magnitude of each could be assessed. The 

contributions of moisture transfer from molecular diffusion and filtration flow 

calculated from the results of simulation for the concrete slab are shown in Figures 3.3 

and 3.4 from which it can be seen that moisture transfer was dominated by diffusion. 

Over the range of conditions simulated, filtration flow only accounted for less than two 

percent except when the total moisture flux was extremely small. Similar results were 

also obtained for the case with cement paste slab. 
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3.4.3 Correlations Among Various Driving Potentials 

As moisture transfer may be ascribed to a combination of different driving 

potentials (see Section 2.2), the total moisture fluxes calculated in the simulation studies 

were plotted against each of the following gradients to see which one would provide the 

best correlation for moisture transfer in concrete and cement paste: 

i) moisture content (Figure 3.5. a); 

ii) total gas pressure (Figure 3.5. b); 

iii) mole fraction (Figure 3.5. c); 

iv) water vapour pressure (Figure 3.5. d); and 

v) temperature (Figure 3.5. e) 

From these results, it can be seen that: 

a) The correlations between the total moisture flux and the mole fraction 

gradient (Figure 3.5. c) and the vapour pressure gradient (Figure 3.5. d) 

are almost straight lines implying that moisture flux can be ascribed 

solely to either one of these driving forces. 

b) In a single-layered material, there is a significant correlation between the 

moisture flux and the moisture content gradient (Figure 3.5. a), but the 

correlation is not as good as those with other driving forces (except 

temperature). 

c) The results show that moisture transfer could be in either direction under 

the same temperature gradient (Figure 3.5. e). This implies that although 

a temperature gradient could cause moisture to migrate in a porous 

medium, its effect is indirect in that moisture transfer is established as a 

consequence of the temperature effect on other driving potentials, 

particularly on the mole fraction or water vapour pressure in the pores. 

This effect is given rise to by the relationship between the equilibrium 
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moisture content and the relative humidity (p) , i. e. the sorption 
V 

isotherm relationship (see Section 2.1.4). 

3.4.4 Conclusions From The Comparative Studies 

The comparative studies showed that molecular diffusion is the dominant 

mechanism of moisture transfer in concrete and cement paste over the range of 

conditions simulated in the studies whereas filtration flow (due to a total pressure 

gradient) only contributed a minimal amount of moisture transfer. As the range of 

moisture contents in concrete and cement paste in buildings under normal conditions are 

within those covered in the studies, this conclusion may be applied in simulating heat 

and moisture transfer in concrete buildings. Furthermore, since the vapour pressure 

gradient appeared to be a good choice of driving potential for moisture transfer in 

concrete and cement paste, a simpler model may be developed with moisture transfer 

ascribed to vapour pressure gradient and with filtration flow neglected. A model 

making such assumptions was developed (see Chapter 4) and has been shown to be 

accurate and much more efficient in respect of computing time required in, simulation 

runs as compared with the one developed from Huang's equations: 
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Chapter Four 

A Differential Permeability Model for 

Simulating Building Heat And Moisture Transfer 

A simplified mathematical model has been developed for simulating the coupled 

heat and moisture transfer in building fabric materials. In this chapter, derivation of the 

governing partial differential equations (PDEs) is detailed and the methods used to 

develop the numerical model from the governing PDEs are outlined. A formula is 

derived for evaluation of the moisture transport property of the material, the differential 

permeability, associated with this model. Accuracy of this formula was found to be 

good when compared with results calculated from Huang's model (50). This chapter 

includes also summaries of the methods for modelling the heat and moisture exchanges 

between the building fabric and its ambient environment (indoor and outdoor), the 

radiant energy exchanges amongst building fabric surfaces, and the interaction between 

the indoor air and the air-conditioning system, which are required for the development 

of a building heat and miosture transfer model. The heat and moisture transfer model 

developed, which is called the differential permeability model, has also been verified to 

be accurate when compared with Huang's simulation results (50) and with results of an 

experiment on drying of a piece of gypsum board (53). Descriptions on these 

comparisons are included in this chapter. 
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4.1 An Overview of the Differential Permeability Model 

The main objective of this research is to develop a coupled building and air- 

conditioning system model, facilitating in-depth studies on heat and moisture transport 

phenomena in intermittently air-conditioned buildings. If the building model alone 

incurs an intensive demand on computer power (like the one developed from Huang's 

equations, see Chapter 3), then, the coupled building and system model would be 

extremely time-consuming to develop, debug and use. Thus, it is desirable to have a 

computationally efficient model for use in investigating the complicated phenomena. 

This was achieved by neglecting the insignificant moisture transfer mechanism 

(filtration flow) in deriving the model and by using an efficient numerical scheme (the 

self-implicit scheme). Like Huang's model (50), this model is restricted in application to 

materials that stay in the pendular state (but many building materials, particularly 

cementitious materials, are in this category). 

Based on the assumption that vapour diffusion is the only moisture transfer 

mechanism, the material is under the pendular state, and that the liquid moisture content 

can change due to evaporation or condensation and can affect the rate of moisture 

transfer (the evaporation and condensation theory), conservation equations describing 

mass of moisture and heat energy in a piece of building material were derived, resulting 

in two coupled PDEs (three in Huang's model (50)). In it, vapour pressure gradient was 

adopted as the driving force for moisture transfer, differential permeability was adopted 

as the moisture transport property of the material, and the relationship between 

temperature and vapour pressure and the heat of condensation associated with changes 

in liquid moisture content are duly accounted for. The sorption isotherm was used to 

determine the balance between liquid and vapour moisture contents in the material so as 

to close the set of equations. 

Except in the driving potential and the moisture transport property used, this 

model resembles in appearance many heat and moisture transfer models developed by 

others based on the evaporation and condensation theory (e. g. 8.124). Instead of the 
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conventional numerical methods for solving PDEs (e. g. backward in time, central in 

space finite differencing scheme and iteration with successive back-substitution and 

over or under relaxation (130)), the self-implicit scheme in conjunction with the Runge- 

Kutta-Merson method (131,132) were adopted to solve the set of equations. This 

numerical method was verified to be accurate and efficient in solving an ODE and a 

PDE (see Section 4.6 and Appendix A). 

4.2 Permeability and Differential Permeability 

The conventional method of estimating rate of moisture transfer in building 

materials (4) relates the moisture transfer rate (J�) to the vapour pressure gradient across 

the entire thickness of the material as follows: 

Jv=SPVL 
P`'' 

(4.1) 

where 

Pv0 & Pvi = vapour pressure of ambient air at the two sides of the permeable 

material. 

L= thickness of the slab, 

and 8 is the transport property of the material, given the name "permeability". 

Values of S (or its reciprocal, 1/8, called vapour resistivity) for a large variety of 

materials can be found in a wide range of literature (e. g. 4.5). These are normally 

obtained by standardized measurement methods, such as the "Dry-cup" and "Wet-cup" 

tests (133). 

The method for evaluation of moisture transfer, as given by equation (4.1), is 

primarily for assessment of the risk of interstitial condensation within building 

structures and is valid only for steady-state moisture transfer. However, the validity of 

data of 8 in the literature has been questioned (134). It was found that there were large 
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discrepancies between values given in different literature for the same kind of material 

(which should primarily be due to the different degrees of saturation of the materials 

and the different environmental conditions under which measurements were carried 

out). 

From the fundamental theories of moisture transfer in porous media, it can be 

seen that the rate of moisture transfer in a porous material is dependent on its moisture 

content and the latter in turn is strongly dependent on the ambient vapour pressure and 

temperature. As there can be significant moisture content variation across a slab of 

building material, when studying the dynamic moisture transfer in building materials, it 

is more appropriate to take a differential approach where the moisture transfer rate (one- 

dimensional) at a given plane within the building wall or slab is related to the gradient 

of vapour pressure at that plane as follows: 

J= 
ßx 

(4.2) 

The transport property (µ in the above equation), called differential permeability (as 

opposed to permeability 8 (134)), is a variable and is a function of moisture content, i. e. 

µ= µ(E) (4.3) 

Assuming the existence of local thermodynamic equilibrium, and ignoring the 

hysteresis phenomenon, the equilibrium moisture content in an elemental section of the 

porous medium under a given combination of local vapour pressure and temperature 

will be given by the material's sorption isotherm (Chapter 2). Then, the dependence of 

µ may be related to vapour pressure and temperature or simply to the relative humidity, 

µ=µ(RH) (4.4) 
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4.3 Calculation of Differential Permeability 

4.3.1 Approximate Formula for Differential Permeability 

For one-dimensional moisture transfer in a porous medium having a rigid solid 

phase and homogeneous and isotropic pore structures (such as concrete and cement 

paste), the rate of moisture transfer under low pore saturation condition (i. e. in 

pendular stage) is given by equation (3.5) (50). Neglecting the filtration flow term (by 

assuming aPg/ax to be negligible) and by converting the vapour mole fraction (0) in the 

equation into vapour pressure (Pv =0 Pg), the moisture flux may be approximated by: 

Ma My aPv 
J"ý-EgDMgRTgx (4.5) 

Combining the above equation with equation (4.2), the differential permeability may be 

approximated by: 

µýEgDMgRT (4.6) 

According to the above equation, differential permeability of a material will 

increase with eg, the volume fraction occupied by the mixture of air and water vapour in 

the porous material. This implies that differential permeability will become smaller 

when the liquid moisture content of the material increases. This tendency of differential 

permeability value differs from those of many porous materials (e. g. timber and 

plywood) determined experimentally. For instance, the permeability of plywood, 

measured by McLean & Galbraith (134), increases with the ambient air relative humidity 

and rises sharply when the ambient air relative humidity approaches 100%. 

Nevertheless, there are permeability measurements (e. g. Thomas et al's work on fibre 

board and gypsum board (177)) which show that, for some materials, their permeability 

values can exhibit a decreasing trend with increase in relative humidity of the ambient 

air. 
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An explanation for the tendency of permeability value implied by equation (4.6) 

is that for a porous material that stays in the pendular state, vapour diffusion is the 

dominant mechanism of moisture transport. When there is more liquid water in the 

material (which is stationary under the pendular state), and hence a larger portion of the 

pore volume is filled-up with liquid, the "effective" void space through which vapour 

diffusion can take place will become smaller. Consequently, a lower rate of moisture 

transfer will result and the permeability of the material becomes smaller. However, 

when liquid phase transport in the material dominates, which occurs when the material 

approachs the sorptional saturation state, the permeability should increase with moisture 

content. Equation (4.6) will therefore be applicable only to materials in the pendular 

state where vapour diffusion is the dominant mechanism of moisture transfer. 

If equation (4.6) is a good approximation of the moisture transport property of a 

porous material, then, this property (at a given temperature and vapour pressure) can be 

easily determined when the sorption isotherm and the dry-state porosity of the material 

are available. 

4.3.2 Comparison with Equation in Huang's Model 

If equation (4.2) is valid, the moisture transport property of the material 

(denoted here as µact) will be given by: 

µacv 
Jv 

(TXV) 

Hence, values of pact can be calculated when the vapour flux (J�) and the 

corresponding vapour pressure gradient (-) are known. Further, if the right hand 

side of equation (4.6) is a good approximation of this moisture transport porperty, a 

value of µ calculated from it should be close to that of µact" 
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By using the intermediate results of the numerical studies on drying of a piece 

of concrete slab (see Section 3.4), J, and 
a 

at various interior nodes and 

intermediate time steps of the simulation study were calculated (the former was 

calculated from equation 3.5 and the latter was calculated from the vapour mole- 

fractions and total gas pressures evaluated in the simulation). They were then used to 

evaluate taco s and the results were compared with µ's calculated from equation (4.6) 

(based on the corresponding interior node conditions) which showed that the two were 

in good agreement (Figure 4.1). Equally good agreement was found from a study on 

cement paste. Equation (4.6) therefore would be able to give a good approximation of 

differential permeability (the moisture transport property) of concrete and cement paste 

(and other materials having similar moisture sorptional behaviour, e. g. cement-sand 

plastering, brick, gypsum board, etc. ). This equation has been incorporated into the 

moisture transfer model for determination of the moisture transport property of 

materials. 

4.4 Governing Equations of the Differential Permeability Model 

The following shows, step-by-step, derivation of the governing equations of 

the differential permeability heat and moisture transfer model. 

Denote the rate of one-dimensional moisture transfer across an intermediate 

plane of a slab of porous material by J, � then, for an elemental section in the slab, the 

rate of increase in water vapour concentration (mass per unit volume) is given by: 

acv 
_ 

Div (4.7) 

Based on the assumption that moisture transport can only take place in the vapour 

phase, the addition of vapour moisture due to evaporation from the liquid phase, e, 

must be accompained by a reduction in liquid water concentration at the same elemental 

section as described by: 
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=-e (4.8) 

Adding (4.7) & (4.8) yields: 

(Cv + Cl) 
v (4.9) 

Since Cv = pvg and C1= pl£l; and considering that liquid water density is much 

greater than vapour density and does not vary significantly with pressure and 

temperature, equation (4.9) may be approximated by: 

(Cv+CI)-Pi at -- (4.10) 

Applying equation (4.2), the above moisture mass conservation equation becomes: 

De a aP (4.11) 

Applying the energy conservation principle and the Fourier's law of 

conduction, the following energy conservation equation can be derived: 

(PCP)B 
DT D DT (ks )+ hfg Pi (4.12) 

In which (pCp)B is the bulk heat capacity of the material and is given by: 

(PCP)B = PsesCPs+ P1E1CP1 + Pg£gCPg (4.13) 

whereas the bulk thermal conductivity, kB, is evaluated using Kingery's empirical 

formula (50) as follows: 

kB = I(kg)n Eg + (k1)n El + (ks)n E 1/n (4.14) 

where n is an empirically determined coefficient which equals to 0.25. 
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The last term in equation (4.12) accounts for the amount of condensation heat 

associated with the change in liquid moisture content. In deriving the energy 

conservation equation, the assumption was made that thermodynamic equilibrium exists 

in the elemental section such that the temperature of the solid, liquid and gaseous 

phases are identical. 

Equations (4.11) and (4.12) are the two coupled governing equations 

describing the heat and moisture transfer in the porous medium. Examining these 

equations revealed that there are three variables involved, namely, P, T and e1. Hence, 

one extra equation is required to close the set of equations. The sorption isotherm of the 

material relating the equilibrium moisture content to vapour pressure and temperature is 

used for this purpose: 

EI = £1(P� T) (4.15) 

and its time derivative is then: 

DE DE DP De aT 
_+ (4.16) 

Equations (4.11) and (4.12) therefore can be written as: 

ac aPý DP-1 aT a2P`, aµ app 
(Pt 9p) + (Pt ) wt -9+U. cox 

(4.17) 

h 
äP 

Ch 
aE c7T __ k 

D2 T+ aka äT 
(4.18) fg Pl pýý + [(P P)B - fg p, ]B! 

Xa FX 

or alternatively in the form of. 

aPV aT a2Pv aP all--+a12-j=cll; FXr +c12-P (4.19) 

DPV DT a2T aT 
-(F= TX- (4.20) 

where, the coefficients a's and c's are as defined in Table 4.1. 
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4.5 Derivatives of the Sorption Isotherm Equation 

The coefficients in equations (4.19) & (4.20) involve derivatives of the liquid 

moisture content in the porous material with respect to P,, and T. These derivatives need 

to be calculated with reference to the sorption isotherm relationship of the medium. The 

sorption isotherm relationships for most building materials are presented as functions of 

relative humidity rather than functions of vapour pressure and temperature (as in 

(4.15)), i. e.: 

EI = £1 (RH) (4.21) 

Since RH =P and P, = P"s (T) (i. e. the saturation vapour pressure is a function of 
vs 

temperature only), the derivatives of £1 with respect to P, and T can be evaluated by: 

DE aE aRH a_a* DPv 

aE 1 
d, r-aEatL, and; (4 22) :. ýp = Pvs 

aE ac1 aRH 

aR-H ' -r 
=-P 

a 
(4.23) 

vs 
FR-H 

where can be evaluated directly from the mathematic expression for the sorption 

isotherm (4.21) and the derivative 
a-W 

can be evaluated from an empirical equation for 

Pvs as a function of temperature such as the following one (135): 

PSS = 2327 exp 
{ 

6789 (3.4112 x 10-3 - 
T) 

- 5.031 In (293.15) } 
(4.24) 

Hence, 

ýaP_ýý _ 
Ps (6789 _ 5.031) 

dT -TT (4.25) 
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and 

De RH 6789 
-5 031)a£ __ T 

(T 
. 7RH (4.26) 

These equations were incorporated into the heat and moisture transfer model for 

evaluation of the coefficients in the governing equations. 

4.6 The Numerical Heat and Moisture Transfer Model 

4.6.1 The Self-implicit Discretization Scheme and the Runge-Kutta-Merson Method 

The governing equations (4.19) & (4.20) are to be solved in conjunction with 

the sorption isotherm equation when applied to simulate the heat and moisture transfer 

through a porous material. As these equations are non-linear PDEs, numerical method 

was adopted for solving them. To apply the numerical solution method, a wall or slab 

was first discretized into N-1 slices (see Figure 4.2), with the states of these slices 

represented by variables at the N number of nodal points. In the development of the 

numerical model, equations (4.19) and (4.20) were partially discretized (in the spatial 

dimension only) into a set of ordinary differential equations (ODEs) and the Runge- 

Kutta-Merson (131,132) scheme was adopted for solving the ODEs. A self-implicit 

scheme (136) similar to that used by Ewen and Thomas (137) was employed in the 

derivation of the ODEs to approximate the time-derivatives. Further explanations on 

this numerical scheme are given in Appendix A. 

With reference to equation (4.19), how the numerical scheme can be applied is 

briefly described as follows: 

i) For a variable «(x, t), the spatial derivatives of 0 may be approximated by the 

following central differences: 

Wo 4+-24 +4- 
(Ox)2 

(4.27) 
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aý e+ - e- 
(4.28) gx 2, äx 

ü) Following the Crank-Nicolson (C-N) scheme (130), for a function O(x, t) with 
a&, t) time derivativeN- = yr(x, t), the time derivative between time t (the nth time- 

step) and t+Ot (the n+lth time-step) is approximated by: 

ý, yr(x, t+Ot) + (1-1) yr(x, t) (4.29) 

where O<X 1. If X=0, the scheme is explicit; if ?=1, the scheme is fully 

implicit (adopted in this work); and the conventional C-N scheme has X=0.5. 

Denoting: 

APV = Pvn+l - Pvn ; &Pv+ = Pvn+l _ Pv+ ; APB. = Pvn+l -£ Vn 

where 

Pvn = Pv(X, t) 

PV+ = P�(x+Ox, t) 

Pvn = Pv(X-ix, t) 

pvn+1 = PV(x, t+At) 

Pv°+l = P(x+Ax, t+At) 

D n+I = PV(X-AX, t+Ot) 

and applying the C-N scheme with the the spatial derivatives replaced by the 

finite difference approximations, equation (4.19) may be written as: 

aPý aT AP, - 20Pv + OPv_ 
al l -'it-+ a12 = CI I (AX)2 

+ C12 I 
OPv -AP- 

2Ax 

nnnnn 

+ CI I V+ - 2Pv 
2+_+ C12 

PV+ - PV- 
(4.30) 

(eX) 2Ax 
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iii) Each APv+, Av & AP, term is multiplied by 
Qt 

to become: 

At 
APVt 

At 
APv 

& At 
APv- 

nt At At 
DPV 

iv) The 
etv 

terms are regarded as Ft- and, after re-arranging, equation (4.30) 

becomes: 

Zfr -x At [- 2] a- 
+ [a11 + Xi t2] zýx -? t[+ 

c12] a 

Ax 
2 

lox Ax &X2 2ix 

= cl l 
Pv+ QX2 + Pv°_ 

+ c12 
Pv+ - 

___ 
ZeX - a12 (4.31) 

4.6.2 The Merits of The Numerical Scheme 

The above numerical scheme was adopted for solving the governing PDEs 

because: 

a) the resultant equations become ODEs which are readily solved by 

methods such as the Runge-Kutta-Merson method; 

b) by setting I=1 (i. e. fully implicit) the numerical scheme will be stable 

which will enable larger time-steps be used in the simulation calculations 

and will thus speed up the solution process; 

c) although the scheme is fully implicit, the time derivatives of the 

variables (here P, 's) at the n+lth time step are all based on their values 

at the nth time step (at the right hand side of the equation) and hence can 

be approximated by solved values of the variables at the nth time step; 

and 

d) by applying the Runge-Kutta-Merson scheme, the truncation error of 

each time step of calculation may be estimated. This can be used as a 
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guideline for controlling size of time step to be used. Otherwise, the 

error estimation might involve more steps of calculation (e. g. in a four 

stage Runge-Kutta scheme (138)), 

When applied to solve a simple linear ODE, this scheme was shown to be able to 

provide accurate results, was able to eliminate the steady error as the dependent variable 

approached the steady-state solution and was able to gradually enlarge the integration 

step size while approaching the steady-state solution. The method had also been applied 

to solve a PDE where analytical solution is available and excellent agreement between 

the numerical soltution and the analytical solution was found (these tests are described 

in Appendix A). 

4.6.3 Finite Difference Equations for Interior Nodes 

The ODE for PP at an interior node obtained by using the above discretization 

scheme has already been shown in the above. The energy equation in terms of 

temperature is likewise discretized to become: 

- 71ýt [ ", 21 I-IL C 
-N- -]+ [au + Mt 2]- 71 At (2+] 

ex ex 2Ax Ax2 2x 

T+-2T°+T`_' 
_ 
Tn, - T°_aPP (4.32) C21 

ex2 
+ "22 2ý a22 -'JF 

In short form, the partially discretized governing equations for an interior node 

may be written as: 

Ail, 
apv- 

+ A; 2l T "M 
apv+ 

- B11 (4.33) 

A112 CIT- 
-+A; u 

-- 
+ Ai32 = B; 2 (4.34) 

where the subscrpt 'i' of coefficients A's and B's denotes the node number, the second 

subscript of A's ranges from 1 to 3 denoting respectively the node to the left (node i-1), 
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the current node (node i) and the node to the right (node i+l); and the last subscript of 

A's and B's is 1 or 2 denoting the pressure and temperature equations respectively. 

4.6.4 Finite Difference Equations for Boundary Nodes 

At the boundary of the solid domain of a wall or slab, the thickness of the 

elemental volume is (see Figure 4.3). At the boundary surface, the material is 

exchanging heat and moisture with the ambient air at the rates of q" and m;, (per unit 

area) respectively. Heat and moisture balances for this slice of thickness at the 

boundary give the following equations: 

Ax ap 
2 -PI + txl (4.35) 

AX 
" (pCp)s DT dr Ax ac 

=q+ kB jx- + p, " hfg (4.36) 

Sub. (4.16) into (4.35) and re-arranging, 

ýae Op 
+ a, 

aE aT 2-2µ OP 
(4 37) äPýýt A +AX - 

Similary, (4.36) becomes: 

(PCP)B-=-q+-kB-E+hfgpl 
aPv-=t 

+ hfg p, 
aý aT (4.38) 

Collecting time derivative terms to the LHS, (4.37) and (4.38) become: 

all-+a1z-E=c12ý+d1 (4.39) 

a21 
-+ 

au 
-- 

= cu 
a+ 

d2 (4.40) 
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where, the coefficients a's, c's and d's are as defined in Table 4.1. 

Following the same discretization scheme and let subscript ̀a' denote the node adjacent 

to the boundary node (either node 2 or N-1) within the wall or slab, equations (4.39) & 

(4.40) become: 

aPý 
- 

Pva - Pv °+da 
l2 (4.41 a+ AAt 

aP" 
- XAt E12 

7; F 11 Ax 
I 

AX - 12 1- 12 ) 

[a22 + ýt 22] 
- lät 

e= 
cu LTn 

+ d2 - a22 
DPV 

(4.42) 
AX u 

In short form, the partially discretized governing equations for a boundary node 

may be writtem as: 

A121 + Aq 1 
a- 

= B; i (4.43) 

A122 
CR'+ 

Aij2 = Bit (4.44) 

where the subscrpt 'i' of coefficients A's and B's here will either be 1 or N; subscript 

`j' of A's will either be I (if i= N) or 3 (if i= 1); and subscript `a' denotes the node 

number of the adjacent node (2 or N-1). 

4.6.5 Finite Difference Equations for Interface Nodes 

For a composite wall comprising several layers of different materials, the 

equations for the node at the interface of two adjacent layers of materials may be 

derived following procedures similar to those described above for a boundary node. 

That is, equations for a slice of each material can be derived by heat and moisture 

balance considerations, assuming that the heat and moisture fluxes at the interface plane 

to be q"I and JI respectively (see Figure 4.4). For the left slice of 
ý- 

thick; 
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Az_ T_J 
, 
aýPz 

(4.45) 
2 P' - I-µ'dX- 

(PCP)s- '; F=- q~I - kB- + 
Al- 

pl 
a 

-= " hf (4.46) 

For the right slice of 
ý+ 

thick 

Ax aE aP 
4.47 2+PIT=JI+µ+,,, +v 

() 

ý+ 
(PCP)s+ ýt - q~I - kB+ + 

e2 + Pl 
aat 

' hfs+ (4.48) 

Adding (4.45) and (4.47) allows the interface moisture flux (which is unknown) to be 

eliminated and gives: 

Ax- aý £ x+ ae 
+ 

aPv aPv 
+ µ+ - (4.49) 2 Pi 1+2 Pi =- µ- 5x- a+ 

Likewise, the interface heat flux is eliminated by adding (4.46) to (4.48): 

+ (PCP)B kB_ + kB + 
Ax- 

Pi !£ hf lý (PCP)B- - 22+ fit -+2g 

+2 Pi 
a ljýl ht'g+ (4.50) 

Note that: 

aE _ aE _ aP a£ _ DT (4.51) 

I aE ae aP, 
+ 

De + aT (4.52) 

Sub. (4.51) and (4.52) into (4.49) and (4.50) and re-arranging yields: 

Ax- ac 
_ 

ea ac 
+r ýi aP" fAx_ aE 

_ 
Ax+ acl+l DT 

Pi 2p2 
FPL, +P, 2+2 ýTJýt 
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apv aPv =-µ-a+µ+, and (4.53) 

fex_ 2 ex ex_ aA_ ex. aýýJý lar 
12 iPCP)B + (PCP)s+) - PJ [hfg 

2+ hfs+ 2+ dI'ý j ýt 

bg 2 
Ax at De ap 

dP�, + 2 7Pý, 't 

=- kB- 
Darr o; flr 

+ kB+ - (4.54) 

Using the coefficients as defined in Table 4.1, equations (4.53) and (4.54) may be 

written as: 

all 
em+a12 

=_µ 
TZ+µ+ apv 

(4.55) 

a21 
-- 

+ a22 kB- 
z+ 

kB+ (4.56) 

Approximating the spatial derivatives by one-sided finite differences as follows: 

aP Py - Py_ APy - AP,, 
_ + 

Pv° - Pvn 
dx_ - Ax_ Ax_ Ax_ 

Pv 
_ 

Pv+ - Pv APv+ _, &p v+Pn V+ ' 
Pv 

a7X- _ AX+ Ax+ Ax+ 

(T T-T_ AT-AT_ T° - Tn 

a'F T+-T AT+-AT T-T° 
Ax + Ax+ Ax+ 

and applying the partial discretization and the self-implicit schemes, equations (4.55) 

and (4.56) become: 
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ýt µ-]a- +[a�+X t(- -+ L )l [sec ]a Ax- Ax- ++ 

P°-P° Pý+ - Pý ° aT 
_ 

"Ax_ "_ + µ+ - a12 (4.57) 

B-+ kB+)] C-rr 
- RAt +] [- Mt -] 

-- 
+ [a22 + Mt (k 

Az_ Ax- AX+ + 

nn Tn aP 
- kB_ 

T- T_ 
+ kB +- a21 " (4.58) 

Ax- Ax+ 

In short form, the partially discretized governing equations for an interface node 

have the same appearance as the interior nodes as follows: 

Aj 11 
a+ 

Ai2l + Ai31 
a= 

B11 (4.59) 

at.. DT aT+ 
- A; 12 F+A, 22 + A132 -- Bit (4.60) 

4.6.6 Summary of Equations 

From the above, it can be seen that for a composite wall, the governing 

equations may be expressed as: 

A121 A131 

A211 A221 A231 

A311 A321 A331 

A122 A132 

A212 A222 A232 

A312 A322 A332 

PV1 BI1 

%2 B21 

Ti B12 

T2 B22 

(4.61) 

(4.62) 
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Expressions for the elements in the matrices {A} and {B} pertaining to the interior 

nodes, boundary nodes and the interface nodes in a composite wall/slab are 

summarized in Table 4.2. Note that the above matrix equations are both tri-diagonal 

equations and therefore the efficient tri-diagonal matrix algorithm (TDMA) (138) may be 

employed for solving them. Moreover, the time derivative vectors {P"} & {T} need to 

be solved by an iterative procedure as the column vector {B } at RHS of each equation 

contains the time derivative of the variable of the other equation (see Table 4.2). 

4.7 Heat and Mass Fluxes at Boundary Surfaces 

4.7.1 Convective Heat and Macs Fluxes 

The methods described in Section 3.3 for modelling convective heat and mass 
fluxes at boundary surfaces of walls and slabs in the building are applicable to this 

model. The only change required is in the treatment of the moisture exchange at the 
boundary surface due to the use of P, as the moisture driving potential in the 

differential permeability model. Here, the density difference in equation (3.16) has to 

be converted into a vapour pressure difference between that at the wall/slab surface and 

at the room air as follows: 

Since p� = 
Mr" 

then m� = Eg 
Mf 

(Pv. sr - Pv) (4.63) 

in which the assumption is again made that the difference in value between Tsr and T is 

small. 

Also, for convenience in calculating mass of vapour moisture in the room air, 

the vapour density difference term in equation (3.16) is converted into a humidity ratio 

difference term as follows: 

Since Pv=P, w 
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.. m�=h1 EgPa(wra, -w) (4.64) 

From the Lewis relationship (equation 3.17), the convective mass transfer coefficient 

(hm) in (4.64) may be expressed in terms of the convective heat transfer coefficient (h) 

as follows: 

m;, = CPa Cg (wr - w) (4.65) 

As humidity ratio is used in the air-node equations (see Section 4.9), there will 

be frequent conversions between vapour pressure and humidity ratio in the simulation 

calculations. The conversion formulae required can be derived from the perfect gas law 

as follows: 

Pv V= my 
MT (4.66) 

PaV=majT (4.67) 

As both the dry-air and water-vapour occupy the same volume (V) and are at the same 

temperautre (T), 

=w= (4.68) 
P 

Noting that P. = Pat, - Pv and re-arranging, 

Pv =w My (Pacm Pv) (4.69) 

M ýMv )w Pacm 
(4.70) Pv 

1 +() w My 
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4.7.2 Radiation Heat Flux 

When there is solar radiation incident upon the external surface of an exterior 

wall, the amount of solar radiation (short wave) that will be absorbed by the wall 

surface, q, is given by : 

qro =aI, (4.71) 

where a is the short wave radiation absorptance of wall surface and 4 is the intensity 

of total solar radiation incident upon the wall surface. 

The absorbed solar radiation contributes a heat flow into the exterior wall in 

addition to the convective heat flow from the outdoor air to the wall surface. The net 

`long-wave' radiation exchange between the external surface of the exterior wall and the 

surrounding may be assumed zero for a vertical surface (5). 

At the indoor side, longwave radiation exchange among wall, slab and window 

surfaces are modelled based on fundamental radiation heat transfer theory for gray 

surfaces (129) as summarized below: 

Let qrI; be net radiation flux leaving surface i, it follows from the theory of diffuse 

radiation heat exchange among gray surfaces of an enclosure that: 

Ns 

9rl. i =E Fij (JRi - JRj) (4.72) 
j=1 

where Ns is the total number of internal surfaces in the room; F; j denotes the radiation 

shape factor between surfaces i&j; and JR; & JRj are the radiosities of surfaces i&j 

respectively. 

The radiosities JRI for i=1,2, ..., Ns need to be found by solving 

simultaneously the following equations: 

[Rjj](JR) 
_ 

[Eb) (4.73) 
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where [Rfl] is a matrix with elements as follows: 

Rii = -ei Fil for i #j 

Ns 
R;; = (1 +Ie; F; j) 

j=1 

JRi 

JR2 

{JR} _ 

JRNs 

T i4 
T 24 

{Eb} =a, 

TNs4 

ei 
Ei 

Ci = emissivity of surface i 

a= Stefan - Boltzmann's constant 

(4.74) 

When JR's are solved, qrl j can be evaluated using the following formula instead of 

equation (4.72): 

Eb' - JRi 
(4.75) grl, i = ei 

The total heat flux term, q", in equation (4.36) for the external side of the exterior wall 

therefore is: 

q" =a It + ho (To - T) (4.76) 

where ho is the exposed surface convective heat transfer coefficient and To is the 

outdoor air temperature. 
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The total heat flux term for an internal surface i is: 

q"i = hi (Trm - T) - qrl, i (4.77) 

4.8 Window Model 

The following lumped parameter model was adopted for simulating the thermal 

behaviour of the window in an exterior wall: 

Pc CPC Lc 
dd 

= qin (4.78) 

where TG is the glass temperature; PG, CPG & LG are respectively the density, specific 

heat and thickness of the glass; and q; n is the net heat gain due to convective and 

radiation heat exchange with the surrounding (both indoor and outdoor). 

This net heat gain term, q; n, in equation (4.78) includes the absorbed portion of 

solar radiation incident upon it. For the portion that is transmitted through, it was 

assumed that both the direct and diffuse radiation transmitted through the window glass 

would be distributed onto other internal wall/slab surfaces as if both were diffuse 

radiation. In modelling the radiation heat exchange between the window glass and 

internal walls and slabs, the transmitted solar radiation was treated as an additional 

source term at the glass surface as follows: 

JRG = tiIt+ EG EbG + (1- EG) IrG (4.79) 

where JRG is the radiosity of window glass; ti is the transmittance of glass for solar 

radiation (short wave); eG is the emissivity of glass (long wave); EbG is the emissive 

power of a black surface at temperature TG (= dTG 4); and Irr, is the irradiance upon the 

window glass. Here, the assumption is made that the window is opaque to longwave 

radiation. 

Since net radiant flux leaving the window glass surface is given by: 

qr,, G - JRG - IrG (4.80) 
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substituting (4.80) into (4.79) and re-arranging yields: 

EbG +' JRG 

(4.81) 
" gr1, G = (1 

EG) 

FG 

Note also that 

NS 
grl. G = FGj URG - JRj) (4.82) 

j=1 

and comparing (4.81) and (4.82) against (4.72) and (4.75), it can be seen that they 

differ only by the extra source term ('tIt/CG). Hence, if an apparent emissive power, 

EgG, as defined below is used, radiation heat exchange between the window and other 

wall/slab surfaces, including the transmitted solar radiation, can be solved 

simultaneously using the procedures described in the previous section. 

'Tit 
ýc Ebc + 

£c 
(4.83) 

Using the above result, the heat gain term, qn, in equation (4.78) can be written as: 

qin = aIt + ho (To - TG) +h (Trm - TG) - (9r1, G - 'tIe) (4.84) 

where Tr, � is the room air temperature and a is the absortance of glass (short wave). 

By noting that a +, r +r=1, where r is the reflectance (short wave) of the glass, 

gin = (1 - r) It + ho (To - TG) +h (T. - TG) - g11, G (4.85) 

From equations (4.78) and (4.85), the ODE for the window is: 

dTG 
- 

(1 - r) It + ho (To - TG) +h (Tim - TG) 
(4.86) 

dt PG CPG LG 

Collecting TG terms at the RHS, (4.86) may be written as: 
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" aG TG+ ba (4.87) 

where 

_ 
ho +h (4.88) 

PG CPG LG 

bG - 
(1 - r) It + hoTo +h Trm (4.89) 

PG CPG LG 

Applying the self-implicit scheme, (4.87) is approximated by: 

ddG aG 
+1 

+ aGý, At 
(4.90) 

GG 

4.9 Air Node Equations 

A lumped parameter approach was adopted in deriving the equations for 

modelling the thermodynamic state of the air in a room. Heat and moisture addition or 

removal due to internal sources, infiltration, and effects of air-conditioning were 

included. 

4.9.1 Sensible Heat Balance Equation 

From a heat balance on the room air, the following lumped equation can be 

written: 

Ns 

Pa Vrm CPa 
ddm 

= Qint, 
s + Qinf, 

s - 
Qac, 

s -Ai. 9 c, i 
(4.91) 

i=1 

Note that Qint, s dependents on usage condition in the room (e. g. number of occupants 

and lightings and equipment usage) and may vary according to a certain pattern 

throughout a day. 

The sensible heat gain by the room air due to infiltration is given by: 
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Qinf, 
s = Pa Vinf CPa (To - Tnn) (4.92) 

where Vinf = infiltration rate 

Vrm"ACR 
3600 

ACR = number of air-changes per hour 

The rate of sensible heat removal from the room air by the air-conditioning 

system is given by: 

Qac, s = Pa Vsa CPa (Trm - Tsa) (4.93) 

From equation (3.15), for the surface convection heat transfer, 

9c. i =h (Tm - Ti) (4.94) 

4.9.2 Moisture-Mass Balance Equation 

From balance of mass of water vapour in the room air, the following equation 

may be written: 

NS 

Pa Vrm 
dw 
d"n = 

*int 
+ Winf - 

*ac 
-Ai"m 

'i 
(4.95) 

i=1 

Note that Winc depends on room usage condition; 

Winf = Pa Vinf (Wo - Wrm) (4.96) 

*ac 
= Pa usa (wrm - Wsa) (4.97) 

and mv; 's can be evaluated by using equation (4.65). 

4.9.3 The Air-node Model 

From equations (4.91) - (4.94), the sensible heat balance equation may be 

written as: 
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dd 
arms Trm + bm, s (4.98) 

where 

Ns 
PaVinfCPa + PaVsaCPa + Aihi 

i-1 (4.99) arms - 
Pa Vrm CPa 

Ns 
Qint, 

s + PaVinfCPaT. + PaVsaCPaTSA +Z AihiTi 

brms = '-I (4.100) 
Pa Vrm CPa 

From equations (4.95) & (4.96) and using (4.65) for evaluation of mvi, the 

moisture balance equation for the room air may be written as: 

dd=" 
armw Wrm + brmw (4.101) 

where 

PaVinf + PaVsa +NC Eg Ai 

i=1 

armw = (4.102) 
Pa Vrm 

Wint + PaVinf"o + PaVsawsa +NP Cg Ai w1 
i=1 

brn, W = (4.103) 
Pa Vrm 

Applying the self-implicit scheme and regarding the b terms as constants, (4.98) and 

(4.101) are approximated by: 

dTrm arms Tn �F 
brms 

(4.104) 
1+ arms X At rm 1+ arms %1, At 

dwrm armw 
Wn+ 

brmw 
(4.105) 

l+armwXAt 1+armw%I, Ot 
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4.10 Air-conditioning System Operating Conditions 

4.10.1 "Perfect" Air-conditioning System: 

If the air-conditioning system is assumed to be capable of maintaining a steady 

room temperature and humidity whenever it is switched on, then, 

dT�t, 
_ 

dwr 
dt dt 

From equations (4.91) and (4.95), the air-conditioning load can be found by: 

Ns 

Qac, 
s = Qint, s + Qinf, s ' Ai-9c, i (4.106) 

i=1 

Ns 
*ac 

= 
*int + *inf 

- Ai-m'v, i (4.107) 
i=1 

4.10.2 "Shut-down" Mode: 

When the air-conditioning system is shut down, 

Qac, s = 
*ac 

=0 (4.108) 

and these terms can be neglected in solution of equations (4.104) and (4.105) (or 

equations 4.91 and 4.95). 

4.10.3 "Realistic" Air-conditioning System: 

In order to properly model variations of indoor air conditions during the air- 

conditioned period, the rates of heat and moisture removal by the air-conditioning 

system need to be simulated by an appropriate air-conditioning system model. Such a 

model should be capable of predicting the supply air conditions (Tsa and wsa) under a 

specific set of operating conditions including for example the on-coil air conditions, 

supply air flow rate, chilled water supply temperature and flow rate, characteristics of 
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the cooling coil and control systems etc. More detailed descriptions about the air- 

conditioning system models developed are given in Chapter 5 and 6. 

4.11 Verification of the Differential Permeability Model 

To verify that the differential permeability model developed can properly model 

heat and moisture transfer in porous materials, the model was applied to repeat the 

simulation study done by Huang (50) on drying of a piece of concrete slab (see Section 

3.4) and to model the experiment on drying of a piece of gypsum board (by Thomas 

and Burch (53)). Comparison of the simulated results against those of Huang and the 

experimental data are summarized in the following. 

4.11.1 Drying of a Concrete Slab 

The simulation study was carried out based on the conditions summarized in 

Table 3.4. Figure 4.5 shows the moisture content and temperature distributions 

predicted by the differential permeability model. Variations of moisture contents and 

temperatures at selected cross sectional planes are plotted together with simulation 

results of Huang (50) for comparison (Figure 4.6). 

From Huang's results (see also results simulated by the model developed from 

Huang's equations as shown in Figures 3.1), it can be seen that within the period 

simulated, a total gas pressure gradient was built up within the concrete slab (this 

gradually diminshed later in the drying process). However, moisture transfer by 

filtration flow due to a total gas pressure gradient was ignored in the differential 

permeability model. Therefore, results predicted by the differential permeability model 

deviatied from Huang's results, particularly at boundary nodes in the early part of the 

simulated period due to the large total gas pressure gradient established there. In the 

later part of the simulation, the two sets of results became much closer to each other. 

This shows that this simpler model is capable of predicting heat and moisture transfer to 

an acceptable accuracy when compared with a more rigorous model. 
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4.11.2 Drying of a Piece of Gypsum Board 

Thomas and Burch (53) carried out an experiment on drying of a piece of 

gypsum board in which the moisture desorption rate from the gypsum board was 

measured. The conditions at which the experiment was conducted are summarized in 

Table 4.3. 

The differential permeability model has been applied to simulate the experiment. 

In the simulation, the sorption isotherm for gypsum board and the surface convective 

mass transfer coefficient as given in Thomas & Burch's paper were used but the 

material moisture transport property was calculated by equation (4.6). The predicted 

desorption rates at various time intervals are shown in Figure 4.7 together with the 

measured desorption rates. It can be seen that the results predicted by the model are in 

good agreement with the experimentally measured data. 
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Chapter Five 

Modelling Air-Conditioning Systems 

This chapter starts from outlining the general approach of system modelling. 

The air-conditioning system component models developed in this work are then 

described. These include models for cooling and dehumidifying coils, room air 

temperature control systems, chilled water flow control valves, and a simple water 

piping circuit. Models for these system components were developed because the 

operating characteristics of them are the most critical in respect of the control over the 

indoor environmental conditions which in turn affect the rate of heat and moisture 

exchange between the indoor air and the building fabric materials. Development of the 

log-mean enthalpy difference (LMHD) steady-state coil model and the finite difference 

(FD) dynamic coil model (including the steady-state version of the FD model) are 

detailed in Appendix B and Chapter Six respectively. . 

5.1 General Approach of System Modelling 

5.1.1 Component and System Modelling 

The central air-conditioning system for a building may be divided into several 

sub-systems, namely the central chiller plant, the chilled water distribution system, the 

air-handling systems and the air distribution systems. Each of these sub-systems is 

composed of a number of basic components and sub-components. For example, a 

chilled water plant (a sub-system) typically includes several chillers (components) and 
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each chiller is composed of one or more unit(s) of refrigerant compressor, evaporator, 

condenser and control devices (sub-components). System components are inter- 

connected by piping, ducting, electric cables or mechanical linkages and the 

performance of one component will affect the operation of other components. In 

modelling the performance of an air-conditioning system, models for the components 

of the system have to be established and linked together to form a system model. 

From the mathematical point of view, each component model is a mathematical 

function that represents the relationship between one group of variables and another 

group of variables and parameters (Figure 5.1). These variables and parameters may 

include for instance the flow rates, temperatures, pressures, enthalpies, specific heats 

and concentrations of constituent species of the working fluids. For a given component 

model, the parameters are related to the geometric configuration of the component and 

the properties of materials of the component and the working fluids. Among the 

variables, some have known values (e. g. states and flow rates of fluids arriving at the 

equipment) but values of other variables will change according to the rates of heat, 

mass and work transfers taking place at the component (e. g. states of fluids leaving the 

component). The mathematical model then represents how the dependent variables are 

related to those given (independent) variables and parameters. 

Alternatively, a component may be regarded as a "system" which is subjected to 

a certain number of inputs, having specific characteristics and, as a result, will output 

responses according to the input conditions and its intrinsic characteristics (139). The 

entire air-conditioning system is composed of a large number of these components 

which are inter-related in that outputs from one are inputs to another (or others) via 

physically connected piping, ducting, cables or mechanical linkages. Hence, once the 

component model is established, it may be linked to other components, forming a 

system model. In this model building process, the physical relationships between the 

component models must be duly accounted for by properly defining the input/output 

relationships. 
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5.1.2 Sequential and Simultaneous Modelling 

If the relationships between various components in a system are simply a 

unidirectional sequence of processes (Figure 5.2), the response of the system to a 

disturbance (the input at the first component in the sequence) can be determined by 

solving the outputs of the components, One at a time, following the same sequence. The 

solved output of one component model can. be taken as the known input for the next 

component model with which the output of the latter can be solved. Through this 

process, the response of the system (the output of the last component) can be found. 

This is known as sequential modelling (35,139)" 

In reality, the inter-relationships between system components are much more 

complicated and are often looped, i. e. some outputs of one component may be the 

inputs of some preceding components (Figure 5.3). A system comprising closed-loop 

controls is an example of this. For such a system, the mathematical models of the 

system components may be put together to form a set of simultaneous equations (each 

of which may involve several unknown variables) and the whole set of equations need 

to be solved simultaneously; i. e. simultaneous modelling (35,139). A system model 

developed from this approach may beome very complicated if a large number of 

component models are involved. It also requires a standardized form of component 

models and, when changes are made to any one component model, the entire system 

model may have to be re-established. 

Alternatively, the sequential modelling approach can be applied to model a 

system involving complex relationships among its components (35,139). Since the 

inputs to a component model may include the outputs of some other component models 

that have not yet been solved, solving for outputs of such components will have to be 

based on assumed values of the unknown inputs. By using this approach, simulation 

calculations may proceed as in the case of straight-forward sequential modelling but the 

calculations will have to be repeated iteratively, with updating of the assumed inputs by 

improved estimates before a subsequent round of calculation proceeds, until a 
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converged solution for the entire system of equations is obtained. Although more 

tedious and involving more computing effort, this method allows a system model be 

constructed by putting together component models derived from different approaches 

and of different forms (because response of each component is solved independently). 

This is more convenient in building up a mathematical model for a system, and when 

any one of the component models is changed, the modified model may still be coupled 

to the other component models in exactly the same manner as before giving flexibility in 

the development and application of the system model. In this work, the sequential 

modelling approach was adopted. 

5.2 The Air-conditioning System Component Models Developed 

In the central air-conditioning system of a building, the air-handling systems 

serving various air-conditioned rooms are the front-line systems. Their performance 

have a far more direct and significant impact on the indoor environmental conditions 

than other parts of the central system. As this research was focused on studying the 

dynamic heat and moisture exchanges between the building fabric, the indoor air and 

the air-conditioning system, detailed mathematical models were developed for the major 

components of the air-handling system. 

The air-handling system providing cooling and dehumidification to an 

individual zone of a building comprises the air-handling equipment (an air-handling unit 

(AHU) or a fan-coil unit (FCU)), the air-distribution ductwork and the temperature 

control system (see Figure 5.4). An air-handling equipment basically consists of a fan 

and a cooling and dehumidifying coil (and other accessories) housed in an insulated 

metal casing. The coil is connected to a pair of chilled water pipes; one supplies chilled 

water to the coil and the other returns the chilled water back to the central plant. A 

control valve is installed at the return chilled water pipe for regulating the rate of chilled 

water flowing through the coil through which the cooling output of the coil is regulated. 
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Mathematical models of the air-conditioning system components were 

developed as far as possible from fundamental principles so that reliance on specific 

manufacturer's data could be minimized. Mathematical models developed include 

steady-state and dynamic chilled water coil models, linear and equal percentage control 

valve models, controller models with on/off and proportional control actions, and a 

model describing the relationship between chilled water flow rate and pressure losses 

through elements of the piping system (for modelling changes in flow rate of chilled 

water through the cooling coil as influenced by opening or closing of the control valve). 

These mathematical models are described in the following sections. In addition, the 

method for calculating the properties of the mixture of return room air and outdoor 

fresh air at the inlet to the cooling and dehumidifying coil is described. 

In this study, chilled water control valves were assumed to be two-port valves 

as such kind of valves is less expensive compared to three-port valves and, for this 

reason, is widely adopted in large buildings in Hong Kong. Also, the assumption was 

made that the central chilled water plant would be able to provide chilled water to the 

air-handling systems at a steady supply temperature but the flow rate would be varying. 

5.3 Cooling and Dehumidifying Coil Models 

5.3.1 Coil Configuration 

A cooling and dehumidifying coil is basically a heat exchanger. Its unique 

characteristics which make it different from a typical shell-and-tube type heat exchanger 

include: 

i) heat transfer surface of the coil is normally extended by finned surfaces; 

and 

ii) a two-component fluid (mixture of dry-air and water vapour) is handled 

and condensation of water vapour may occur at the coil surface. 
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Since chilled water coils constructed from copper tubes with plate aluminium 

fins bonded to the outer side of the tubes are the most commonly adopted type of 

cooling coils in central air-conditioning systems, attention was focused on this type of 

coils. In such coils, the fins are punched to form openings to allow the tubes to pass 

through and, at each opening, a collar is formed to maintain even spacing between the 

fins and to ensure good contact between the fins and the tubes (Figure 5.5). The fins 

may be plane but fins with corrugation patterns (Figure 5.6) are more popular in the air- 

conditioning industry. With corrugated fins, enhancement of the heat transfer rate by 

about 30% above that of flat-finned coils is possible (141). Some manufacturers produce 

coils with perforated fins with even better heat transfer performance (142). The tubes are 

normally arranged in rows (three or more rows are common) and the tube array may be 

rectangular or triangular (Figure 5.7). The tube ends are connected to form multiple 

number of chilled water passages (circuits) through the coil (Figure B. 2). The inlet and 

outlets of the tube curcuits are connected by header pipes for even distribution of chilled 

water to the circuits in the coil. 

5.3.2 Functions of the Coil Model 

In essence, the main function of the mathematical model for a cooling and 

dehumidifying coil is to facilitate determination of the thermodynamic states of fluids 

leaving the coil under a given set of operating conditions. Other performance 

characteristics such as sensible and latent cooling output, moisture removal rate and the 

total cooling load brought forward to the central plant by the chilled water can be 

determined when the supply and leaving conditions of the fluids and their flow rates are 

known. With respect to modelling the state of the indoor environment, (see Sections 

4.9 and 4.10) the temperature (Tsa) and humidity ratio (wsa) of the supply air from the 

air-handling equipment to the air-conditioned room need to be determined by using the 

coil model. Hence, the model may be regarded as comprising the functions (pt. and (P, 

describing Tsa and wsa as follows: 
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Tsa = (PT (Toc+ Woo Vsa, Tcw" mcw) (5.1) 

Wsa = Pw (Toc, Woo Vsa+ Tcw, mcw) (5.2) 

These functions are dependent on the design and construction of the coil as well as the 

thermal properties of the coil materials and the working fluids (air and water). They 

may form either a steady-state model or a dynamic model depending on whether they 

are formulated to be functions of time. 

In air-conditioning system design, the leaving air conditions from a cooling and 

dehumidifying coil is often determined based on a parameter called "by-pass factor" or 

"contact factor" (= 1- by-pass. factor)(e. g. 3,5) together with the use of a psychrometric 

chart. The contact factor may be regarded as the fraction of the total rate of air flow 

through the coil that would be treated by the coil (hypothetically) to the condition of the 

air-film above the coil surface (corresponding to the apparatus dew point on the 

psychrometric chart (e. g. 3,5)) whilst the remaining fraction of the air-flow is assumed to 

be untreated and stays at the on-coil condition. The leaving coil air cndition is given by 

the condition of the mixture of the treated and untreated air streams. 

The contact factor for a given coil is a function of the air-side surface resistance 

and velocity (178) and is fairly constant for all but significant variations in air and water 

flow conditions. In conjunction with other heat transfer equations, the contact factor 

may be used to determine the surface temperature of a cooling and dehumidifying coil 

and a simple method for estimating the performance of cooling and dehumidifying coils 

may be developed based on such a method (e. g. 169). However, the contact factor 

applies only if condensation is present in a coil (178) but, in practice, a cooling and 

dehumidifying coil can become a dry coil in part-load when the chilled water flow rate 

is reduced to a small value. Once this happens, the coil surface condition can no longer 

be determined from the contact factor. In this study, it was necessary to have a coil 

model that would be applicable throughout the entire range of possible chilled water 

flow rates (from zero to the design maximum flow rate). Hence, although a simple coil 
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model may be derived by using the contact factor concept, such a method was not 

adopted. 

5.3.3 The LMHD and the Finite Difference Coil Models 

Two computer models have been developed for simulating performance of 

chilled water cooling and dehumidifying coils. The first coil model is a steady-state 

model which was developed following generally the methods due to McQuiston & 

Parker (28) (details of the model development are summarized in Appendix B). In 

applying the model to simulate performance of coils with corrugated fins, the fin-side 

heat and mass transfer coefficients were first evaluated by using McQuiston's empirical 

correlations for flat-plate fins (143.144) and then corrected by using Beecher & Fagan's 

empirical correlations (141). The method adopted for determining the location of dry/wet 

boundary within a cooling and dehumidifying coil followed that outlined in the 

ASHRAE Handbook (140). Since this model is basically a steady-state counter-flow 

heat exchanger model in which the combined heat and mass transfer between the air and 

the coil surface was modelled by the log mean enthalpy difference (LMHD) method 

(28), it is called the LMHD model. 

The second model is a finite difference numerical model (FD model) developed 

based on the set of governing differential equations derived from fundamental 

principles of energy and mass conservation and finite difference method was adopted to 

solve the equations. Similar to the LMHD model, a cooling and dehumidifying coil was 

modelled by regarding it as a simple shell-and-tube counter-flow heat-exchanger and 

the fin-side convective heat and mass transfer coefficients were evaluated based on the 

empirical correlations due to McQuiston (143,144) and Beecher & Fagan (141). This 

model was developed, in addition to the LMHD model, such that the significance of the 

dynamic characteristics of the coil can be studied and the differences in results between 

modelling the coil by a steady-state model (e. g. LMHD model) and by a detailed 

dynamic model can be compared. Details of development of the Ft) dynamic coil model 

are described in Chapter Six. 
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5.3.4 On-coil Air Condition 

Outdoor air is admitted into air-conditioned buildings for providing ventilation. 

It may be directly ducted to the return air plenum of the air-handling equipment or 

pretreated (cooled and dehumidified) before it is supplied to the air-handling equipment. 

Pretreated fresh air may also be directly supplied into the air-conditioned spaces. Except 

for the last case, the fresh air will be mixed with the return air from the air-conditioned 

spaces and the conditions of the air entering the coil therefore is that of the mixture of 

the return room air and the fresh air (pretreated or unpretreated). The mixture conditions 

with unpretreated fresh air can be evaluated as follows: 

(msa - mfa)Wrm + mfa Wo 
(5.3) 

msa 

hoc _ 
(m 

sa - mfa)h' rm + mfa Wo 
(5.4) - msa 

where m's above refer to mass flow rates of dry air of the respective air streams. Also, 

= 
hoc - woc'hfg 

Tic 
CPd + Woc'CPv 

(5.5) 

where hfg is the heat of evaporation of water at 0 °C (see also footnote in 6.3.2) 

If the fresh air supply is pre-treated by a fresh-air handling unit to a fixed 

condition (see Chapter 8& 9), the on-coil air condition can be evaluated by using the 

same set of equations but with the outdoor air conditions replaced by the pre-treated 

fresh air conditons. 
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5.4 The Temperature Control System 

5.4.1 On/Off Control 

The control system may include simply a thermostat which will provide an 

on/off switching action causing the chilled water control valve to open or close. The 

thermostat may be installed inside the air-conditioned space, typically wall-mounted, or 

in the return air ducting. On and off settings are preset at the thermostat such that the 

sensing element within the thermostat will cause the switch to "make" if the room air or 

return air temperature overshoots the on-setting and to cause the switch to "break" if the 

off-setting is surpassed (Figure 5.8). This control action is referred to as on/off control. 

The set-point is (normally) the temperature mid-way between the on and off settings 

and the difference between the two settings is called control differential or the 

thermostat dead-band (denoted as D). Letting e be the deviation of the actual room air 

(or return air) temperature from the set-point value (E = setpoint - actual temperature), 

the output of an on/off controller (denoted as y) may be modelled by: 

Y=O (for ez 
D) (5.6a) 

y=1 

y= previous value (either 0 or 1) 

(for eS"D (5.6b) 

(for - 
D<E 

< D) (5.6c) 

Under on/off control, the valve will stay either at the fully open or the closed 

position and therefore chilled water supply to the coil will either be at the maximum 

flow rate or zero. Consequently, the indoor temperature will be fluctuating all the time. 

The control differential has a direct effect on how frequently the valve will be cycling 

between fully open and closed positions. Because both the indoor environment and the 

system take time to react to a switching action between on and off, the range of indoor 

temperature fluctuation is wider than the control differential (see Figure 5.8). Although 

there will always be fluctuations in indoor temperature with on/off control, as the cost 

of this control is much lower than other alternatives, it is widely adopted in Hong 
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Kong, particularly when FCUs are employed where there are large number of such 

control devices in a building. The performance of such systems therefore was studied 

in detail in this work. 

5.4.2 P. PI and PID Controls 

When a steady room temperature is desirable, controllers that can perform either 

proportional (P), proportional plus integral (PI) or proportional plus integral plus 

derivative (PID) control actions need to be adopted (145). In control systems employing 

this type of controller, a temperature sensor is used to provide the controller with a 

feedback signal about the actual indoor air temperature being maintained in the air- 

conditioned space. The sensor may either be installed inside the air-conditioned space 

or in the return air ductwork. The controller has a set-point adjustment mechanism 

through which the desired indoor temperature can be set as the control target. The 

controller substracts the feedback value (from the temperature sensor) from the set- 

point resulting in the error signal (e) which is transduced and amplified into an 

appropriate electrical or pneumatic signal. This will cause the chilled water control valve 

to vary its degree of opening thereby regulating the cooling output of the coil. The 

degree of control valve opening is linearly proportional to the controller output signal 

(neglecting hysteresis in the valve/signal linkage, see Section 5.7). The relationships 

between the controller output signal (y) and the error signal (e) for P, PI or PID 

control actions are as follows: 

i) For P control: 

y=0 for ez 
T) (5.7a) 

y=0.5 - GpE (for -T <E 
ZR) (5.7b) 

y=1( for eS- 
ZR) 

(5.7c) 
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where TR = throttling range of the P Controller or 

= the difference between values of e for y=1 and y=0 

i. e. 100% and 0% output of the controller 

Gp = proportional gain 

Note that Gp = .R 

ü) For PI control: 

y=0.5-GP¬ -G1f e dt for TR<E 
< 

2R) (5.8) 

where GI = integral gain and y is always within the range of 0: 5 y: 5 1. 

iü) For PID control: 

y=0.5-Gpe -GI 
fe 

dt - GD 
dt 

for - <E < 
ZR) (5.9) 

where GD = derivative gain and y is always within the range of 0.5 y: 5 1. 

Under P control, as the control valve position is linearly proportional to the 

error signal, presence of deviations between the indoor temperature and the set-point is 

inevitable (if the disturbance is a step change, this is called the steady-state error or 

offset) which is an inherent feature of proportion control (unless the gain, Gp = oo). 

With PI control, since the error is integrated with time, the output will be varied 

gradually if the error persists. Consequently, the indoor temperature will eventually 

attain the set-point value if the disturbance is a simple step function. The additional "D" 

control action in PID control is meant for improving the promptness of the system in 

reponse to rapidly changing disturbances but this is seldom necessary in air- 

conditioning systems. 

In this study, attention was focus on investigating the performance of air- 

conditioning systems when on/off and proportional controls were adopted. As there 
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should be no significant differences between the performance of the system when either 

P, PI or PID was adopted, only P control was studied. 

5.5 Control Valve Model 

The flow rate of chilled water through the cooling and dehumidifying coil of an 

air-handling unit is regulated by the associated control valve. The (inherent) flow 

characteristics of a water flow control valve are described by: 

a) The the flow coefficient (Cv) of the valve when it is fully open: 

vWO = Cv eP 

where 

(5.10) 

VWO = volume flow rate through the valve when it is fully open 

'ý= square root of pressure difference across the control 

valve. 

b) The flow-rate and degree-of-opening (valve position or stem travel) 

relationship of the valve when it is partly open. 

5.5.1 On-Off Valve 

If the flow characteristics of the control valve during times where the valve is 

opening or closing are ignored, the valve port of an on/off valve will only stay either at 

the fully open or the closed position. The flow rate of chilled water therefore would be: 

VW=Vwofors= 1 and VW=0fors=0. 

In this case, the on/off valve is fully characterized by its Cv. 
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5.5.2 Linear Control Valve 

A control valve is called a linear valve if, when the pressure drop across the 

valve is kept constant, the water flow rate through it is linearly proportional to the valve 

position (the linear displacement from the closed position to a partly open position) (145, 

146), Hence, the water flow rate through the control valve when the valve is partly open 

may be found by: 

"S 
wo »so (5.11) 

where VW is the flow rate; S is the valve position corresponding to V,,; and So is the 

valve stroke (at fully-open position). 

5.5.3 Equal Percentage Valve 

For heating and cooling coils, the reduction of heating or cooling capacity of the 

coil is not linearly proportional to the flow rate of hot or chilled water through the coil 

(see Figure 1.2). For achieving an approximately linear relationship between coil output 

and valve position, "equal percentage" valves are often used for chilled or hot water 

flow rate control in air-conditioning systems (145,146). 

For an equal percentage valve, under a constant AP (145,146)9 

äsW « v, 
ý or 

ds 
=a VW (5.12) 

where `a' is a proportionality constant. Re-arranging the above equation into: 

dVwadS 
VW 

and integrating yields 

In VW=aS+b 
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or Vw, =c eaS (5.13) 

where b and c are constants. 

At fully open position and under a constant AP, 

Vw, =Two 

It follows that 

vwo=ceas° (5.14) 

c= Vµ, 
o e- aSo (5.15) 

Substituting (5.15) into (5.14) yields 

"-a (SO -S) Vw = Vwo e (5.16) 

It should be noted that VW and Vwo are flow rates through the valve at partly and fully 

open positions when the pressure difference across the valve are the same in both 

cases. 

Normalizing Vw 
and S respectively by Vwo and So by defining: 

vw - 
Vw 

(5.17) -. Vwo 

and go (5.18) 

(vW and s are now the fractional flow and fractional opening respectively), equation 

(5.16) becomes, 

vW =e -aSo(1-s) 

Since a and So are both constants, they may be combined (using d= aSo) as 
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-d(1-s) vW=e (5.19) 

Here, `d' is a coefficient which needs to be evaluated from a valve characteristic 

curve provided by the manufacturer of the valve. Its value is not normally a constant 

throughout the valve stroke range (i. e. from s=0 to s= 1). This is evident by 

observing equation (5.19) in that this equation does not apply when s approaches zero 

since when s=0, the valve is fully closed and the corresponding value of uw, should be 

zero. This however requires `d' to be infinitely large. Hence, in modelling the 

performance of an equal percentage control valve, its flow characteristics need to be 

modelled by two or more mathematical expressions, each corresponding to a certain 

range of s. 

Based on the typical curve for equal percentage valves given in ASHRAE 

Handbook, HVAC Systems & Applications, 1987, Ch. 51 (tab) (shown in Figure 5.9), 

and assuming a linear relationship between v., and s for s ranging from 0 to 0.1 the 

following mathematical model was derived for a control valve: 

For 05s50.1 vW=0.1 s (5.20a) 

For 0.1 Ss<0.3 vW = 0.005 e 
6.97. s (5.20b) 

For 0.3: 5 s: 5 1 vW =e -4.6(1-s) (5.20c) 

For some control valves, when the valve is closed (s=0), there will be a leakage or "let- 

by" flow rate of 0.25 - 2% of the full flow (corresponding to s=1). In that case, -o, will 

be a constant when s=0. 

For a given AP, and knowing the Cv of the control valve, VWO can be found 

using equation (5.10). Knowing also s, u, can be found using one of the above three 

equations. VW then can be determined by: 
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VW = VWO " VW (5.21) 

However, in the simulation calculation, OP across the valve (and hence V, ) is not 

explicitly known. It is related also to the flow rate and pressure drop at other parts of 

the chilled water circuit in the system. Moreover, value of s is proportional to the 

controller output and this is dependent on the type of control action (on/off, P, PI or 

PID) of the controller and the deviation between the set-point and the instantaneous 

actual indoor temperature (e). All the unknown variables therefore need be solved 

simultaneously. 

5.6 Hydronic Flow and Pressure Drop Models 

In order to determine mass flow rate of chilled water through the coil and the 

control valve, the relationship between pressure drop and flow rate through various 

components in the chilled water circuit have to be properly modelled. The water flow 

rate through each component in the hydraulic circuit (i; ) can be related to the pressure 

drop across the component (OP) by a flow conductance (K) as shown in the following 

equation: 

VW = KAP (5.22) 

Hence, for a cooling coil, 

VW = K. cc APcc (5.23) 

For a certain length of straight pipe, 

VW = Kp APP (5.24) 

Likewise, for a control valve, 

V2 = Kcv OPcv (5.25) 
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Note that Ic� here is a variable which is dependent on Cv and s of the control valve. 

Comparing (5.25) with (5.10) and using (5.21), when the valve is fully open, 

Kcv = Cv 

and, when the valve is partly open, 

_ 
V2 

_ 
uW2 Vö- UW2 Cv OP 

K`v 
OP OP OP 

2 
.. Kcv = (v, Cv) (5.26) 

For a straight pipe run, the pressure drop per unit length is given by the Darcy formula 

(30): 

4fL UW2 APP =d" Pw 2 (5.27) 

and for pipe bends and other fittings (4), 

APf =S" pW 2 (5.28) 

where q= pressure loss factor of the fitting. 

Alternatively, using the concept of equivalent length (4s) (Lq, defined as the length of a 

straight pipe of equal diameter which will give rise to the same pressure drop when 

conveying the same flow rate) where, for a pipe fitting: 

d 
Leq =4f "S (5.29) 

the total pressure drop for a piping branch with straight pipes and piping fittings in 

series can be represented by: 

OPp =d(Y, I-eq) 'Pw2 (5.30) 
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or APP = 
d5 ( Leq) ' Pw Vw (5.31) 

Hence, 

1 KP __ 32 Leq) Pw 
nd 

(5.32) 

For a branch circuit comprising straight pipes, piping fittings, a cooling coil and a 

control valve, all in series (Figure 5.10), the total pressure drop is: 

112 OPb, tot = gP + 
c, 

+ 
c) 

Vw (5.33) 

Equation (5.33) provides a relationship between the flow rate and the pressure drop 

across a branch circuit which was used in the system model, in conjunction with the 

controller model (with input from the air-node model) for determination of chilled water 

flow rate through the cooling coil. 

5.7 Other System Component Characteristics 

In modelling the dynamic performance of a system of inter-connected 

component, there are several system component characteristics which will affect the 

response of the components to changes in input. These include "transport delay" and 

"hysteresis" characteristics of certain system components (36,147). If any of these 

characteristics are known to have significant effects on the performance of the system, 

they must be properly modelled by the system component model. 

A transport delay is the time required for any changes in the state of a fluid at 

the inlet of a pipe or duct to be reflected at a particular point downstream of the inlet. 

This depends on the distance between the inlet and the point of concern (usually the 

outlet), the size of the pipe or duct and on flow rate of the fluid. The effect is significant 

only when the pipe or duct is of a substantial length and can be neglected in simulating 

the performance of an air-handling system. 
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A component exhibits a hysteresis characteristic if its response is not unique 

when subjected to the same input. Instead of a consistent relationship between the input 

and the output, the response is dependent upon whether there has been a reversal in the 

input from an increasing trend to a decreasing trend and vice versa. At a reversal of 

input (in which the output should ideally respond in a direction opposite to the last 

one), the component will not react to the change immediately but a corresponding 

change in its output will take place only after a finite change in input has taken place. 

The delay in response of an actuator due to the "slack" associated with the actuator 

mechanism is an example of this kind of situation. In formulating mathematical models 

for components that have hysteresis characteristics, a delay in response would need to 

be included whenever the input changes in sign (147). 

For on/off controls, the hysteresis characteristic of a valve actuator is modelled 

by a delay in reversal of action of the control valve. Also, the speed of valve stroke 

movement is included in the controller model to account for the fact that the valve port 

will take some time to travel from its last position to that as dictated by the controller. 

Hysteresis effect for reversal of valve position at an intermediate valve travel however 

is ignored in this work. 
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Chapter Six 

A Finite Difference Dynamic Model for a 

Cooling and Dehumidifying Coil 

This chapter starts with an overview of the methods for dynamic modelling of a 

cooling and dehumidifying coil. The relationship between physical parameters of a 

finned coil and an idealized heat exchanger model is then described. Based on the 

idealized counterfiow heat exchanger model, partial differential equations governing the 

dynamic heat and mass transfer in a cooling and dehumidifying coil were derived. 

Derivation of the governing equations and the numerical schemes employed to convert 

the equations into a numerical coil model are detailed in this chapter. 

6.1 The Approach for Modelling the Dynamic Performance of a 
Cooling and Dehumidifying Coil 

Many dynamic heating and cooling coil models have been developed since the 

mid-sixties (e. g. 36,148-151), The dynamic performance of space heating systems in 

buildings, such as the stability of the system under part-load operations (e. g. 152,153), 

have been studied by coupling heating coil models to control system models. Recently 

developed building energy simulation programs have coil models for simultaneous 

modelling of thermal performance of the building envelope and the air-conditioning 

system (e. g. HVACSIM+ (36)). 
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Traditionally, the dynamic performance of a coil was modelled by transfer 

functions developed based on the Laplace transformation of the governing equations. 

More recently, 1-transformation and system identification techniques have been used to 

develop models for applications in systems with direct digital control (DDC) (tsa). Due 

to the complex heat and mass transfer processes involved, many transfer function 

models of heating or cooling coils are simplified models (152,155-157). In most of them, 

the coil was regarded as a simple counter flow heat exchanger, transient variation of 

only one parameter (typically the leaving coil air temperature) in response to changes in 

one other parameter (often the chilled/hot water flow rate) was described and the 

disturbance was assumed to be a simple time function (e. g. a step function). Few such 

models include the dehumidification performance of the coil. 

Modelling the performance of a chilled water cooling and dehumidifying coil 

usually involves predicting the changes in the temperature and humidity of the air and 

the temperature of the water leaving the coil in response to changes in the entering air 

temperature and humidity, water temperature and flow rates of the air and water. This 

would require a multi-variable transfer function coil model which could be rather 

cumbersome to use. In the case of a hot water heating coil, it has been suggested that 

six transfer functions have to be used (158). For the case of a cooling and 

dehumidifying coil, the coupled mass transfer must also be modelled and, because of 

the non-linear nature of the problem, the model will be even more complicated than that 

of a heating coil. Also, the piecewise linearization of the coil characteristics, which is a 

necessary approach in deriving the transfer function model for a non-linear system, will 

restrict applicability of the model to limited ranges of operating conditions. 

A simplistic approach was adopted in dynamic modelling of cooling and 

dehumidifying coils in the HVACSIM+ building systems and equipment simulation 

program (36). In this model, the dynamic response of a coil is modelled in a somewhat 

artificial manner in that the transient variations of the leaving coil air temperature and 

humidity and the leaving coil water temperature are each modelled by a first order 
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ordinary differential equation (ODE). When the coil is subjected to changes in operating 

conditions (e. g. the flow rates of the working fluids and their on-coil conditions) over a 

time-step increment in the simulation, a log-mean enthalpy difference (LMHD) method 

is first used to predict the steady-state perfomance of the coil. This steady-state 

performance is calculated based on the on-coil conditions and the flow rates of the 

working fluids that correspond to the end of the time-step increment. The transient 

variations of the leaving-coil air temperature and humidity and the leaving water 

temperature over this time-step are then modelled by using the ODEs and the initial and 

the predicted steady-state values of these variables. That is, the assumption is made that 

the performance of the coil will approach the steady-state performance according to an 

exponential growth or decay curve. Moreover, the same time constant is used in the 

three ODEs and the same equations are used irrespective of whether the disturbance is 

due to a change in on-coil air or water conditions or their flow rates. Therefore, this 

model can only be regarded as an approximate dynamic coil model. 

In this study, a set of coupled partial differential equations that govern the heat 

and mass transfer performance of a cooling and dehumidifying coil was derived from 

fundamental principles. It resembles those of Romie (150) and Tobias (155) but mass 

transfer was included and effects of the fin-tube configuration of a coil and effects of 

fin corrugations were taken into account in this model. The set of equations was solved 

numerically rather than by Laplace transformation and transfer function methods. This 

approach was taken because the numerical model developed would be more generally 

applicable and would involve fewer approximations. 

6.2 Idealization of the Coil Construction 

To develop a dynamic heat and mass transfer model for a cooling and 

dehumidifying coil taking detail account of its physical construction and the complex 

heat, mass and momentum transport phenomena within the coil would be extremely 

difficult. To simplify, the coil was idealized as a single tube, counter-flow heat 

exchanger as shown in Figure 6.1. Configuration of the idealized coil at an elemental 
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section of length Sx in the air-flow direction is as shown in Figure 6.2 and its cross- 

section is as shown in Figure 6.3. Here, the 'tube' of the idealized heat exchanger is 

composed by two concentric tubes that are in contact with each other. The outer tube, 

called the 'fin-core' represents the fins and the fin collars of the realistic coil and its total 

surface area is the heat transfer area of the coil. The inner tube, called the `tube-core' 

represents the copper tubes of the realistic coil. In the idealized coil, air flows along the 

outer side of the fin-core in the axial direction whereas chilled water flows within the 

tube-core in a direction opposite to the air-flow. 

To relate the geometric and flow parameters of a realistic coil to those of the 

idealized coil, the following parameters are defined: 

6.2.1 Geometric Parameters 

a) Heat transfer area and perimeter 

In heat transfer calculations, the total area of all finned surfaces and exposed fin 

collar surfaces is regarded as the heat transfer area of the coil. Let A be this total 

heat transfer area, Po be the outer perimeter length of the fin-core and L be the 

total length of the coil (in the air-flow direction), they are related by: 

Po=L 

b) Air flow area 

(6.1) 

The actual cross-sectional area of the air-passage within a finned coil varies 

from plane to plane due to presence of the tubes. In the idealized coil, the air- 

flow area (At) is defined as: 

Total volume of air spaces between fins and tubes Aaf =L (6.2) 

and the total volume of air spaces inside the coil can be calculated using the coil 

configuration parameters as defined in Appendix B. 
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c) Water side heat transfer area and perimeter 

The total water side heat transfer area is the total internal tube surface area of the 

coil (A; ). Let Pi denotes the inner perimeter length of the tube-core, A; and Pi 

are related by: 

P; =L 

d) Water flow area 

(6.3) 

In a realistic coil, chilled water actually flows in a direction perpendicular to the 

air-flow. It however also flows from row to row in the direction opposite to the 

air-flow. For calculating the transport time for chilled water to flow through the 

coil, a water-flow area (AWf) is defined as follows: 

AWf = , 
Total internal volume of tubes (6.4) L 

e) Fin-core cross-sectional area 

In the idealized coil, the cross-sectional area of the fin-core is defined as: 

A 
Total volume of fins and fin collar material (6.5) ý_-L 

f) Tube-core cross-sectional area 

Similar to the fin-core, the tube-core cross-sectional area is defined as: 

Acb _ 
Total volume of tube material (6.6) L 

g) Tube/Fin-collar contact area and perimeter 

To account for the effect of contact resistance at the interface between the tubes 

and the fin collars, the contact area (Act), which is the total external tube surface 

area, has to be calculated. This is related to the contact perimeter length (Pa) for 

the idealized coil by: 
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Ac, 
Pct =L (6.7) 

6.2.2 Flow Parameters 

a) Airflow velocity (ua) 

The air flow velocity varies from plane to plane in a coil with multiple tube rows 

and finned surfaces. The average velocity, using the definition of flow area Aaf, 

is defined as: 

0 

ua = 
tt', (6.8) 

Pa Aaf 

b) Water flow velocity (u,, ) 

Using the definition of water flow area (A, �f), the rate of displacement of chilled 

water in the direction opposite to the air-flow is given by: 

0 

U, y = 
Pw Awf (6.9) 

Note must be taken that the above parameters pertaining to the idealized coil are 

not actual dimensions nor actual flow velocities of fluids in the coil. They are so 

defined only to facilitate calculation of fluid transport rates and displacements within the 

coil for calculation of heat exchange at intermediate coil sections. Transport 

coefficients, such as convective heat and mass transfer coefficients, must be evaluated 

based on realistic flow velocities (see Appendix B). 

6.3 Derivation of Governing Equations of the Coil Model 

Based on the parameters defined in section 6.2, governing equations for heat 

and mass transfers at the coil were derived as summarized in the following in which 

reference is made to the elemental coil section as shown in Figure 6.2. 
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6.3.1 Mass Balance on Vapour Moisture in Air-flow 

From conservation of mass of water vapour in the elemental coil section, the net 

rate of increase of water vapour content in the air within the elemental coil section is 

given by: 

Pa Aaf sx -- Pa ua Aaf sx - hd 1lms Po Sx (wa - Wso) 

Dividing throughout by pa AM Sx yields, 

: tl aW 
__ _ Uaý 

Po hd ri ms Ewa Wso) (6.10) dX 
of Pa 

6.3.2 Heat balance on air-flow 

Considering conservation of heat energy on the air within the elemental coil 

section yields: 

Pa Aaf SX =- Pa Ua Aaf - öx - hd 11ms Po 6x (ha - hso) 

Dividing throughout by pa A,, f Sx, 

ah ah Po hd rlms 11 _- ua - (ha - hso) (6.11) 
Aaf Pa 

Note that 

ha = Cp. Ta + wa hfg (6.12a) * 

Hence, 

= Cpa + hfg (6.12b) 

ah AT aW =Cpa -+hfg ýex (6.12c) 

* hfg is taken to be the specific enthalpy due to evaporation of water at 0 °C and Cpa (for moist air) 
is assumed constant for the purpose of this work. 
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Also, 

hso = CPa Tso + wso hfg (6.13) 

Substituting (6.12) and (6.13) into (6.11), the heat balance equation for the air in the 

coil can be written as: 

DT aW DT aW Cpa -+hfg -= uaCpa -uahfg-dx 

_ 
Po hd 1l ms [Cpa (Ta - Tso) + hfg (wa - wso)l 

Aaf Pa 

Multiplying hfg to equation (6.10) and subtracting the resultant equation from the above 

one yields, 

DT aT Po ha 11 ms ua - (Ta - Tso) (6.14) 
Aaf Pa 

From the Lewis relationship (28,129), 

Le v3 _ 
h° 

CPa hd 

Defining 

Lem = Le 2I3 (6.15) 

it follows that, 

_ 
ho 

Cpa Lem (6.16) 

Substituting (6.16) into (6.14), 

DT äT Po h01", 
-=-ua- (Ta - Tso) (6.17) 

Aaf Pa CPa Lem 

The above equation is a sensible heat balance equation on the air flowing 

through a wet coil. For a dry coil, the vapour moisture content of the air stream remains 
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unchanged across the entire coil and hence there is no need to include equation (6.10). 

The energy conservation equation for air-flow will then be equation (6.17) with the Lem 

team neglected, i. e. 

DT DT PohoT1g T ua ZýIxl (Ta - TO (6.17a) 
Aaf Pa CPa 

Here, the surface effectiveness for a wet surface (ims) is replaced by that for a dry 

surface (is). 

6.3.3 Heat Balance on Water Flow 

Energy conservation consideration on the chilled water within the elemental coil 

section yields: 

Pw Awt 6x Cpw 
qtw- 

= pw uw Awf Cpw 
DT-; 

Sx - h; P; Sx (Tw -T 1) 

Dividing throughout by p, A, f Cpw, Sx, 

7Tw aTw h; Pi 
-F = uw jx- - (Tw - Ts; ) (6.18) 

Pw Awf CPw 

6.3.4 Heat Balance on the Tube-core 

The tubes in a tube-row in the coil are connected to tubes of adjacent rows by 

U-bends. Hence, the conduction heat transfer in the air-flow direction through the tube 

metal can therefore be neglected in the heat balance consideration of the tube-core of the 

idealized coil. Thus, for the elemental coil section, 

Pcb Acb Sx CPcb 
a_- 

hi Pi Sx (Tsi - Tw) - 
Pct 

(Tcb - TO 

Dividing throughout by ptb Atb Cptb 6x, 

=- iýe DT 

Rct 
(Ttb - Tc) (6.19) 

Ptb Atb 
PCPtb 

(Tsi - TO - Ptb Atb 
Pct 
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6.3.5 Heat Balance on the Fin-core 

Noting that the total fin cross-sectional area is very small compared with the 

total fin surface area, the conduction heat transfer in the air-flow direction within the fin 

metal therefore can be neglected in the heat balance consideration on the fin-core of the 

idealized coil. Thus, for the elemental coil section, 

pc Ac Sx Cpc hd 11ms Po Sx (hso - ha) -R Sx (Tc - Ttb) 

Dividing throughout by pc Ac Cpc Sx, 

at - 
Po hd 

Cm 
s (hs0 - ha) -tR (c - Ttb) (6.20) 

Pc Ac Pc Pc Ac CPc ct 

Substituting (6.16), (6.12a) and (6.13) into (6.20), 

DT 
__ _ 

Po ho rlms [CPa (Tso - Ta) + hf (wso - Wa)] Wt 
Pc Ac CPc Cp,, Lem g 

Pct 
R 

(Tc - Ttb) (6.21 a) 
Pc Ac Cpc cc 

For a dry coil, Lem may be neglected and wso = wa, hence, 

PO hO 
Cms 

(TsO _ Ta) _A 
Pct 

R 
(T c- TO (6.21b) 

Pc Ac Pc Pc Ac Cpc ct 

Note that in deriving equations (6.19) & (6.21), the thermal resistances of the 

fin-collars and the tube walls were neglected based on the assumption that they were 

very small compared with other thermal resistances. Also, the fin-core surface 

temperature (Tso) in the equations refers to the base temperature of the fins whereas the 

non-uniformity in fin surface temperature is accounted for by the surface effectiveness 

(ums) (see Appendix B). With these assumptions, the coil surface temperature may be 

regarded as identical to the fin-core temperature and likewise, the inner tube surface 

temperature may be regarded as same as the tube-core temperature, viz., 
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Tso = Tc 

Tsi = Ttb 

Moreover, the methods for evaluating the heat and mass transfer coefficients ho, hd 8r- 

hi and the surface effectivenesses 1lms and fl as summarized in Appendix B for the 

steady-state coil model, were assumed to be equally applicable to the dynamic coil 

model. 

6.4 Change of variables 

For convenience in solving the governing equations, a non-dimensional spatial 
dimension, 4, was defined as follows: 

4= (6.22) 

Hence, 

aaa i=a-E " a=Ea (6.23) 

Defining also, 

Ca = ma CPa = Pa ua Aaf CPa (6.24) 

CW = mw, Cpw, = pw, uµ, A,,, f Cpw, (6.25) 

Cc=PcAcLCPc (6.26) 

Ctb = Ptb Atb L CPrb (6.27) 

and Ntua - 
P° L ho i1 ms (6.28) Ca 

Ntuw -PL 
h' 

(6.29) 
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the governing equations for the cooling and dehumidifying coil can be written as 

follows: 

a) For a dry coil: 

(6.30) =_L 
-" 

_L Ntua (Ta - Td 
D4 

(iyrw 
-L 

D4 
-L NtuW (TW - TO (6.31) 

T 
(CC) Ntua (Tc - Ta) -C 

Pct L 
(Tc - TO (6.32) 

: rr, YjLb (C ) Ntuw (Ttb - T,, ) - 
CtbýR 

t 
(Ttb - Tc) (6.33) 

b) For a wet coil: 

aw uaawa_u,, Ntua 
TL 

D4 L Lem (wa - w80) (6.34) 

L aTa L 
IN. eýtu tam 

(T8 - TC) (6.35) 

G; lrW U' ate- u2-' Ntuw (TW - TO (6.36) N- LL 

- (Cc) 1, 
(Tc - Ta) - (Cc) Cp 

tLem hfg (wso - wa) 

(6.37) Pct L 
(TC - TO Cc Rct 

atb 
(tb) Ntuw (Ttb - Tw) - CibtRct (Ttb - Td (6.38) 
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6.5 Solution by Finite Difference Method 

6.5.1 Discretization Scheme 

The set of governing equations for the coil as summarized in the preceding 

section is a set of coupled partial differential equations. Furthermore, the flow velocities 

ua and uw may both vary as complex functions of time in a realistic air-conditioning 

system and the relationship between Tc and ws0 is non-linear. Hence, to obtain an 

analytical solution to this set of equations would be very difficult. Thus, a numerical 

solution using a finite difference method was adopted. To do this, the coil was 

discretized into N number of segments as shown in Figure 6.4. Nodes at planes 1 and 

N are referred to as boundary nodes and those at the intermediate planes as interior 

nodes. 

In the finite difference method, the derivative terms in the partial differential 

equations are to be approximated by finite differences. Conventionally, central 

differencing is used to approximate the spatial derivatives in the governing PDEs (e. g. 

the building model in Chapter 4) due to the smaller truncation error that will result 

compared with one-sided differencing (159). Because the governing differential 

equations contain only first order derivatives in the spatial dimension, when central 

differencing was adopted in conjunction with the self-implicit scheme (see Appendix 

A), the resultant set of equations, when expressed in matrix form, did not have 

dominant diagonal elements in the coefficient matrix of the unknown variables. Since 

the presence of a dominant diagonal is essential for obtaining a numerical solution (130), 

one-sided differencing was adopted in formulating the dynamic coil model. 

Because the two working fluids approach the coil from opposite sides (a 

counter-flow heat exchanger), the known on-coil air and chilled water conditions are 

associated with different boundary planes of the coil. Therefore, backward differencing 

was applied for discretizing the moisture and energy equations for the air-flow whilst 
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forward differencing was applied to the energy equation for the water flow (see 

equations 6.44a and 6.44b). 

The same set of equations would be derived by considering the heat and mass 

balance on the control volume in each sub-divided region inside the coil and by 

assuming that the state of the fluid within the control volume of each spatial subdivision 

in the coil is uniform (i. e. a perfectly mixed system). The latter implies that the states of 

the fluids leaving the control volume are at the same state as the respective fluid inside 

the control volume and the state of each fluid entering the control volume will be equal 

to that in the adjacent upstream node. 

6.5.2 Partial Discretization of the Governing PDEs for the Coil 

It can be seen that the fluid heat and mass conservation equations (6.30 & 6.31 

for a dry coil and 6.34 to 6.36 for a wet coil) are all of the following general form: 

Do Lo 
Ti D4 

where 0=0(t, t)&yl=lV(t, t) 

(6.39) 

Also, the energy conservation equations for the fin-core and the tube-core (6.32 & 6.33 

for a dry coil and 6.37 & 6.38 for a wet coil) can be written as: 

F=e 
(e-Vf; )+d(e-XV; )+e (Vfk - yi) (6.40) 

Thus, equations (6.39) & (6.40), which represent the general form of the governing 

equations of the coil, were discretized and later applied to the corresponding equations 

with the variables 0& yi substituted by the appropriate variables. 

Let 

f(ý, W)=aäo+b(o-yr) (6.41) 
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and hence, by referring to equation (6.39), 

=f($'W) 

Using the Crank-Nicolson scheme (with 0SX. -5 1), 

t=Xf 
(on+l, 4fn+l) + (1 - X) f 

where on =0 (4, t) ; 0n+l =0 (4, t+Ot) 

and yr' = yl (4, t) ; yýº+1= (, t+Ot) 

a) Interior nodes 

+1 Let 4n+1 = on + AO 

0+ =0 (4+A4, t) ; on _ (-o ý t) 

v= vý (4+A4, t) wý' _ (-off, t) 

(6.42) 

(6.43) 

The partially discretized form of equations (6.39) & (6.40) for the interior 

nodes were derived as follows. 

Using one-sided differencing, the spatial derivative in equation (6.41) can be 

replaced by: 

LO 
_ (backward) 

D4 A4 
(6.44a) 

LO 
- 

0+ -0 (forward) (6.44b) 
D4 A4 

It follows that: 

for the backward differencing scheme, 
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21. f (en+l, +1) _ 2. a 
.e-en+ 

Ae - ee-] 

+71, b(en-Xp)+Xb(0e-AV) (6.45a) 

nn 

and (1-X)f(en,? )=(1-1)a 
e 

-+(1-X)b(en-yp) (6.46a) 

for the forward differencing scheme, 

f (on+l. +1) Xä 
. 

ý+ ' ýn 
+' +'M1 

+Xb(on-y1n)+ß, b(04-A1V) (6.45b) 

and (1-X)f(o°, j')=(1-X)aý+ 
0ý 
-ýn+(1-X)b (o°-n) (6.46b) 

Substituting (6.45) and (6.46) into (6.43), the latter becomes: 

for the backward differencing scheme, 

aeen- n+ý, 
aäe -, äe'+b(fin-yr°)+2, 

b(44-Ayr) (6.47a) 

for the forward differencing scheme, 

Do=aý+ - ýn 
+X aA$+-20+b(ý°- , n)+Xb(0O-i i) (6.47b) 

A A4 

Adopting the self-implicit scheme of Howells and Marshall (136) (see Appendix 

A), all terms containing 04 or iiV are multiplied by (At/At). The (Aý/At) and (Aj i/At) 

terms are then replaced by (a4/at) and (ayl/at) respectively. In so doing, the equations 

become: 

for the backward differencing scheme, 

DO 
_Xa 

At Sao ao_ý 
+ ý, b At [DO 'ß 

DNf 
+a (o° - o°) +b (o° 

A4 '" 
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for the forward differencing scheme, 

ao 
_? 

a At DO 
_ 

DO 
+Xb At LDO D41 

+a (O - $°) +b (o °- i{r") -e Lit ýt ýt 0 Aý 

which may be re-arranged as: 

backward differencing: 

At 
a At At (Q +b» 

At 

=0 (0°-ý_°)+b(fin XbAt 
DIV 

(6.48a) 7Ft 

forward differencing: 

[1 +% At (Q - b)] - 
ý, 

ýa 
fit) 

dt g 

=Q (o+-o°)+b(0°-tý')-XbAt 
DXV 

(6.48b) 

Similarly, for equation (6.40), 

_Xc (0ý - Dyr; ) +Xd (Ao - Aylj) +Xe (Dyrk - AxV, ) 

C (fin -t `) +d (ý° - yr') +e (yý - yP) (6.49) 

Applying also the self-implicit scheme, 

T XcOt[aO ]+XdAt[aO ]+1%eOt[ ill 
T-Z 7t ' fit' t 

+C(On-`Yi)+d(ýn"ý! 'j){'e `Yk"4'1) 

which may be re-arranged as 
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[1-%At(C+d)]F = c(on-1V; )+d($n-4'j)+e(Vek -ýIrn, ) 

3xv. Div. 

--%cAtzgl - 7, aec 

+%e At - XeAtl4pt (6.50) 

b) Boundary nodes 

At the boundary nodes, the finite difference equations can be derived directly by 

applying the heat and mass balance principles to the respective control volume and by 

making the assumption that the fluid in the control volume is in a perfectly mixed state. 

The resultant equations are similar to equations (6.48) & (6.50) above but, as the size 

of the control volume and heat transfer area of the boundary nodes are just half of those 

of the interior nodes, expressions for the coefficient `a' in equations (6.48a) and 

(6.48b) will be twice those for the interior node. 

Also, at either of the boundary planes, some variables are of known values, 

e. g. 

at 4=0, Ta and wa are known whereas 

at 4= 1, TW is known. 

hence, the air moisture and energy balance equations at node 1 and the water energy 

balance equation at node N can be omitted in the solution processes. 

6.5.3 Summary of Partially Discretized Equations 

After applying the discretization scheme described above, the governing 

equations may be written in the summarized form given as follows: 
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a) Dry coil 

i) At node 1 

DTW 
, 

aTW aT 
(6.51) A' +A123 at - -at- 

A'132DT E'13DT (6.52) 

aT aT aT A'142 = F' 14 'f' C'14 +D' 14 (6.53) 

ii) At interior nodes 2 to N-1, for i=2,3, 
..., N-1 

A'il l 
ate'-1 

+ A'i12 
DT -'= F'i1 + D'il 

DT - (6.54) 

i2 + E'i2 tbi (6.55) A'i22 
at 

+ A'123 W+ 
aT 

= F' 
a 

UF- 

DT " DT " DT 
A'i32 = F'i3 + B'i3 ýttu + E'i3 Y-Lthi (6.56) 

aT 1 DTW DT 
A 'i42 = FR +C 'i4 -" +D i4 -' (6.57) 

At node N 

A'N11 
aa- 

+ A'N12 
a= 

FNI + D'N1 
DTcN 

(6.58) 

aT aT aT A'N32 = F'N3 + B'N3 + E'N3 (6.59) 

aT DT AýN42 at N- FýN4 + D'N4 (6.60) 

Expressions for coefficients A', B', ..., F are as summarized in Table 6.1. 

b) Wet coil 

Note that the humidity ratio of a sample of saturated moist air (under constant 

total air pressure) is a function of the air temperature only. At the wet surface of a coil, 

assuming that the condensate layer and the thin layer of saturated air immediately above 
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the condensate layer were both at the coil surface temperature, which in turn was 

assumed to be the fm-core temperature (see section 6.3.5), then, 

wso = wso (Tc) (6.61) 

Hence, 

awso 
_ 
aws DT (6.62) ä 

The governing equations for the wet coil section can therefore be expressed as follows 

(where expressions for coefficients A, B, ..., H are as summarized in Table 6.2. ): 

i) At node 1 

aT,,, aTW DT 
A122 + A123 = F12 + E12 - Abl (6.63) 

: im 
A132a =F13+E13a +G13a i (6.64) 

aT DTw aT 
A142 = F14 + C14 

(r 
+ D14 -" - (6.65) 

ii) At interior nodes 2 to N-l, for i=2,3, ..., N-1 

A; o1 
awai-A 

:: e 
(6.66) FTci 

A; 11 
a 

"+ A; 12 
a= 

Fi1 + Di1 
a 

(6.67) 

Ai22 
DT - '+ Ai23 

aT 
t'+ = Fi2 + Ei2 

a- 11 tbi (6.68) 

A 
DTci 

=F+ BiaT E 
DT 

+G 
awCi DT 

+H 
aw 

6.69 
i32 i3 3 llýtU + i3 i3 i3 

ý! et 

DT DT - DT - Ai42 -ZtLi = Fi4 + Ci4 ý+ Di4 (6.70) 

iii) At node N 

aaa Arroi + AN02 = FNO + GNO Tt (6.71) 
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aT aT aT 
AN11 + AN12 = FN1 + DNl (6.72) 

aT aT, ýI aT 
AN32 F= FN3 + BN3 

dt 
+ EN3 

-F GNg -N at + HN3 
a 

at 
waN (6.73) 

TtbM 
= FN4 + DN4 (6.74) AN42 

a 

6.5.4 Fin-core and Tube-core Equations 

It can be seen that as a result of neglecting the heat conduction (in the air-flow 

direction) within the fin-core and the tube-core, the energy conservation equations for 

the fin-core and the tube-core involve only parameters and their derivatives that are 

`local' to the node. Otherwise, there will also be spatial derivatives of these variables. 

Thus, the fin-core and tube-core equations need only be solved simultaneously with the 

air and water equations of the same node without involving those at. the adjacent nodes. 

Hence, the governing equations for the fin- and tube-cores (both for a dry coil and a 

wet coil) can be expressed in terms of the air and water state variables by appropriate 

substitutions of variables and algebraic manipulations. The equations resulting from 

this process are shown in the summarized form as follows whereas the expressions for 

the coefficients associated with these equations are summarized in Tables 6.3 and 6.4. 

a) Dry coil 

i) At inlet node 1 

a-a-= 
K'13 

at+L'13 
(6.75) 

aTtb 
= K'14 

a+ 
L'14 (6.76) 

ii) At interior nodes 2 to N-1 

a= 
J'i3 

a+ 
K'i3 

a+ 
L'i3 (6.77) 
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aT 
, 

DT aTW 
=Ji4-e+Ki4-r+L,; 4 

iii) At exit node N 

- J'N3 
DT 

'N + I''N3 'ai- 

DTtbN DT 
+ L'N4 J'N4 at 

b) Wet Coil 

i) At inlet node 1 

aT aT 
=K13 at +L13 

aT aT 
=K14- "+L14 

ü) At interior nodes 2 to N-1 

DT 
Iii 

a 
'' Ji3 

a 
'F K13 

a+L3 

D 
-'i4 

aý 
et + ji4 

a+ 
Kt4 

ar+ 
Li4 

iii) At exit node N 

at_ DWaN DTaN 
t 

IN3 + JN3 
t+ 

LN3 

DTtbN _a 
WaN a IN4 + JN4 + LN4 

(6.78) 

(6.79) 

(6.80) 

(6.81) 

(6.82) 

(6.83) 

(6.84) 

(6.85) 

(6.86) 

6.5.5 Solving the Governing Equations for Different Variables in Sequence 

The set of nodal equations for a cooling and dehumidifying coil (equations 6.51 

- 6.60 for a dry coil or equations 6.63 - 6.74 for a wet coil) may be written in the form 

of a matrix equation, one for each unknown variable, as shown in equation (6.87). 
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slj 
Alj2 Alj3 

$2j 
A2j1 A2j2 A2 3 

A3j1 A3j2 A3j3 
ý3j 

AN-1j1 AN-1j2 AN-1j3 

ANJ1 ANj2 
ON-1j 

ýNj 

R11 

R2j 

Raj 

_ (6.87) 

RN-ii 

RNJ 

where ýj's are the time derivatives of the variables in the equations; 

N's are right hand side of the equations and 

for a dry coil, j=1,2; fora wet coil; j=0,1,2. Here, 0,1 &2 

correspond respectively to the air humidity ratio, air temperature and 

water temperature. 

The above set of equations includes only those pertaining to the states of the air 

and the water because, with the energy balance equations for the tube-core and fin-core 

re-arranged as summarized in Section 6.5.4, time derivatives of the fin-core and tube- 

core temperatures at each coil node can be related to those of the air and water 

conditions at the same node. In equation (6.87), these are included in the elements of 

the column vector {R} and each element within this column vector is dependent not 

only on the unknown variable included inside the column vector {ýj) for the 

corresponding node but also on the other variables (a different j) of the same node. 

This equation therefore is an implicit equation (with reference to i's). For instance, 

element in {R} in the air temperature equation for an interior node in a wet coil 

(equation 6.67) includes the time derivatives of the air temperature, the air humidity 

ratio and the water temperature and at the same node (equation 6.83). It can be made 

explicit by appropriately modifying elements in the coefficient matrix [A] and in the 

column vector {R}. However, there will still be time derivatives of other variables 

within the element in { R) unless all the equations (for all j's) are combined but, in that 
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case, the coefficient matrix will become a large sparse matrix which will complicate the 

solution process. 

By arranging equations for each state variable of the air and water separately as 

shown in equation (6.87), time derivatives of each variable for all nodal points can be 

solved, one at a time, independent of equations of other variables but, since the 

equations (for different j's) are actually coupled, this necessitates the use of an iterative 

procedure. When solving for {] for a particular variable (j), the time derivatives of 

other variables contained within elements in { Rj} will need to be treated as known 

quantities, based either on initial estimates or improved estimates when solutions for 

them have been found in a previous step of calculation. While solving for the time 

derivatives of wa, T. and T, the time derivatives of Tc and Ttb for all nodal points will 

also be evaluated by using equations (6.75) - (6.86) during the solution process. 

With this approach, the iterative procedure will be necessary even if a fully 

explicit solution scheme (in time, i. e. X= 0) is employed. The fully-implicit scheme 

will improve stability and enable a larger time step size be used. Moreover, due to the 

use of the one-sided differencing scheme, each of the coefficient matrices [A] for j=0 

to 2 is simply a bi-diagonal matrix (notwithstanding that they are shown as a tri- 

diagonal matrix in equation 6.87). For the air equations (j=0 & 1), each matrix includes 

one lower diagonal of elements whereas that for the water equation (j=2) has one upper 

diagonal besides the principal diagonal elements. The solution process therefore will 

involve a simple backward or forward substitution process and can be done efficiently. 

The need for solving a set of sparse matrix equations (which would arise if the time 

derivative terms were all put to the left hand side as unknown quantities) was also 

avoided. 

6.5.6 Coil Surface Conditions 

Two different sets of equations with different heat (and mass) transfer 

coefficients are involved in modelling a dry coil and a wet coil. Whether the coil will be 
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fully dry, fully wet or partly wet is dependent on the instantaneous coil surface 

temperature and the dew-point temperature of the on-coil air. However; the coil surface 

temperature distribution is not known before the relevant equations have been solved. 

Hence, before solving the equations, and during any intermediate level of calculation, 

the coil surface temperature at various nodal points must be checked from time to time 

to see whether there will be condensation of water vapour from the air onto the coil 

surface. In the solution scheme adopted (self-implicit scheme in conjunction with 

Runge-Kutta-Merson method), the air temperature, the air humidity ratio and the coil 

surface temperature at any intermediate level of calculation can be estimated based on 

values calculated at the last time step and preceding levels of the solution process (the 

Runge-Kutta-Merson scheme). Hence, the checking procedure can be done 

conveniently as part of the solution process. 

6.6 Steady-state Version of the Finite Difference Coil Model 

By setting all time derivative terms in equations (6.30) to (6.38) to zero, the set 

of governing equations can be converted into a steady-state model for a cooling and 

dehumidifying coil. The steady-state governing equations can likewise be solved by 

finite difference method in conjunction with appropriately defined boundary conditions 

(on-coil air and water conditions and flow rates). The steady-state finite difference coil 

model was developed primarily for use in setting initial conditions (air temperatures, 

humidity ratios and water temperatures) at all nodal points based on the given initial on- 

coil air and water conditions and the initial flow rates of the fluids. The set of finite 

difference equations obtained for a wet coil are as summarized below: 

a) Mass and Energy Conservation Equations for Air and Water : 

i) At inlet node 1 where wa & T. are known, 

(Ntu, +Q)T, i1- 
Q Tß,, 2 = Ntu, Ti c(6.88) 
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ü) At interior nodes, for i=2 to N-1, 

Ntua 
Wai-l + i0 +) Wai = Wso, Lem (6.89) 

m 

Tai-, ++ Lem Tai = Lem Tci (6.90) 0 

ýe + Ntuw) Twi -0 Twi+1= Ntuw Ttbi (6.91) 

iii) At exit node N where Tw, is known, 

Ntu 
-Q2 WaN-1 + 

ýQ 
+j) WaN = Lem ý'ý'sorl (6.92) 

TaN-1 + (0 + Tax = TcN (6.93) 

b) Energy conservation equations for the fin-core and tube-core (for i=1,2,.., N): 

(Ca Ntua 
+ 

Pct L) 
T=C 

Ntua 
T_C 

Ntua 
hww `Cc Lem Cc Rct c' Cc Lem Tai Cc CPa Lem fg ( soi - ai) 

+ 
Pct L 

(6.94) Cc Rct Ttbi 

C 
Ntuw, +C ccR 1 Ttbi = 

Ct 
NtuW TW; +P ýtR Tc; (6.95) 

t tb ct b Ctb 
ct 

For a dry coil, water vapour mass conservation equations (6.89) & (6.92), the 

term associated with the humidity ratio difference in the right hand side of (6.94) and 

Lei, can be omitted. 

Noting that wsoi is a function of Tc1 and by arranging equations (6.88) - (6.93) 

into three matrix equations with the fin-core and tube-core temperature terms put to the 

right hand side vector, an iterative solution procedure similar to that for the dynamic 

coil model can be adopted for modelling the steady-state performance of cooling and 

dehumidifying coils. 
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Chapter Seven 

Results of Test-runs with the 

Log Mean Enthalpy Difference (LMHD) and the 

Finite Difference (FD) Coil Models 

Results of applying the two air-conditioning coil models developed (the LMHD 

model (Appendix B) and the FD model (Chapter 6)) to simulate the steady-state full- 

load and part-load and the dynamic performance of chilled/hot water coils are 

summarized in this chapter. Steady-state coil performance predicted by the models were 

compared against coil manufacturers' data. The accuracy of predictions by the models 

were verified and improvements to the coil models were made. Predictions of the FD 

dynamic model had also been compared against the experimental results due to Stoecker 

et al (153), Tamm & Green (149) and Maxwell et al (154). Descriptions of these 

comparisons are included in this chapter. 

7.1 Verification of Steady-state Coil Models 

To verify and compare the accuracy of prediction of the LMHD model 

(Appendix B) and the steady-state version of the FD model (Chapter 6), both were 

applied to simulate steady-state performance of several cooling and dehumidifying coils 

with corrugated fins and smooth internal tube surfaces (without turbulators -a method 

used by some manufacturers to enhance the tube-side heat transfer). These coils are 
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commerical products and their performance data, as given in the manufacturer's 

catalogue, were used as the basis for the comparison. 

The catalogue coil performance data are actually "computed" ratings which have 

been certified (179) in accordance with ARI Standard 410 (180). According to this 

standard, a coil manufacturer can publish "application ratings" for coils based on heat 

and mass transfer resistances determined in laboratory "standard rating" tests on a 

prototype coil of the same surface design and arrangement but may be of different coil 

size, row depth and operating conditions. In respect of testing requirement for rating 

chilled and hot water coils, the ARI Standard specifies that the testing procedures and 

the associated laboratory apparatus and instrumentation shall comply with the ASHRAE 

Standard 33-78 (181). A method is given in the ARI Standard 410 for reducing the 

"standard ratings" (test data) for use in determining the application ratings of other 

coils, without testing each individual unit size of the coils in the same product line. 

For compliance with the ARI Standard 410, any coil selected at random will 

have a total capacity, when tested, not less than 95% of its published total capacity. 

Hence, the actual coil total capacity should not deviate from the corresponding 

catalogue data by more than -5%. However, individual comformance of sensible and 

latent capacities for cooling and dehumidifying coils are not required by the ARI 

Standard. Notwithstanding the error bands of the sensible and latent capacity data given 

in the manufacturer's catalogue are unknown, it is reasonable to assume that the data 

represent, within "acceptable" limits, the actual performance of the coils. Nevertheless, 

caution was taken of the uncertainty in accuracy of the catalogue data when analyzing 

the comparison between predictions of the coil models and the catalogue data. 

For the coils modelled, the manufacturer provided, in its catalogue, data on total 

cooling capacities but the sensible and latent cooling capacities of the coils had to be 

calculated based on given air flow rates and entering and leaving coil air conditions. 
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A total of 26 different combinations of coil sizes, tube-fin configurations, water 

circuit arrangements and operating conditions was studied. Characteristics of the coils 

modelled are as summaried in Table 7.1. The total cooling capacities of the coils 

modelled ranged from 2.6 kW to 94 kW which correspond to the sizes of coils in air- 

handling equipment ranging from typical small fan-coil units to large central air- 

handling units commonly found in commerical buildings in Hong Kong. In addition, 

the test runs were also aimed at verifying: 

1) whether performance of coils with corrugated fins can be modelled more 

accurately by adopting Beecher & Fagan's correlations (141); and 

2) whether Beecher & Fagan's correlations, which were derived from 

experiments on dry surfaces, can be applied to both heat and mass 

transfer. 

7.1.1 Effect of Contact Resistance 

In both the LMHD and the FD models, the contact resistance arising from 

imperfect bonding between the fin-collars and the tubes can be included as one of the 

thermal resistances to heat exchange between the two working fluids. However, the 

fin-side heat and mass transfer coefficients evaluated by using McQuiston's empirical 

correlations (143,144) should have accounted for the effects of contact resistance. To 

verify this, preliminary test runs with the coil models were carried out in which the 

contact resistance was estimated using Eckels's empirical correlation (160) and included 

in the evaluation of the U-values of the coils. The simulation results showed that, with 

the contact resistance additionally included, the two steady-state coil models 

significantly under-estimated (by more than 10%) both the sensible and the total heat 

transfer of the coils when compared with the manufacturers' data. Thus, in all 

subsequent test runs, the assumption was made that the effects of contact resistance 

were accounted for by the heat and mass transfer coefficients estimated using 

McQuiston's correlations. The contact resistance term in the LMHD model was 
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therefore set to zero. However, the same could not be done with the FD model because 

this would give rise to an overflow error in the computation. Instead, the contact 

resistance term in the FD model was set to a negligibly small value. 

7.1.2 Flat-fins 

In the first verification test performed, the coils were assumed to be of flat-plate 

fins (i. e. without fin corrugation patterns) and Beecher & Fagan's correlations (141) 

were ignored. Model predictions with this assumed fin geometry would indicate how 

significant fin-corrugations would be on the performance of a cooling and 

dehumidifying coil. 

By using McQuiston's correlations for flat-plate fins (143,144) to evaluate the 

fin-side heat and mass transfer coefficients, it was found that for the coils modelled, 

both models under-estimated the sensible cooling capacity of the coils (Figure 7.1 a). 

Results from the LMHD model deviated from the catalogue data by over 10% whereas 

the FD model was able to provide marginally better results. On the other hand, both 

models over-estimated the latent cooling capacity of the coils (Figure 7.1b). The over- 

estimation in latent cooling capacity compensated for the under-estimation in sensible 

capacity and hence, both models were able to estimate the total cooling capacities with 

acceptable accuracy (Figure 7.1c). 

Since the total cooling capacities predicted by the models are in good agreement 

with the manufacturer's data and, should the modelled data be "measured test ratings" 

of the coils, the coil performance data given in the manufacturer's catalogue would be 

acceptable as far as compliance with the ARI Standard is concerned. However, given 

the large deviations in the sensible cooling capacities, which are out of the accuracy that 

one would expect of data in a manufacturer's catalogue, the flat-fin model cannot be 

regarded as an acceptable model for coils with corrugated fins. Hence, it is apparent 

that the effects of fin corrugation must be accounted for in the coil models. 
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7.1.3 Corrugated Fins with Beecher & Fagan's Correlations Applied to Both Sensible 

and Total Heat (and Mass) Transfer Coefficients 

In the coil models developed, the empirical correlations developed by Beecher 

& Fagan (141) (B&F) were adopted to account for the effect of fin corrugation on the 

rates of heat and mass transfer at the fin surfaces. The heat and mass transfer 

coefficients at corrugated fin surfaces were first calculated based on McQuiston's 

correlations for flat-plate fins (143,144). The coefficients determined were then corrected 

by applying B&F's correlations. However, because B&F's correlations were derived 

based on experiments on 'dry' corrugated surfaces, the suitability of the correlations for 

a wet coil was uncertain. 

By applying B&F's correlations to correct both the sensible heat and mass 

transfer j-factors estimated from McQuiston's correlations, it was found that the 

sensible cooling capacities of the coils estimated by both models are in good agreement 

with manufacturers' data (Figure 7.2a). However, both models over-estimated the 

latent cooling capacity of the coils (Figure 7.2b) and the deviations from catalogue data 

were slighly larger than those of the preceding case where fins were assumed flat. As a 

result, both models over-estimated the total cooling capacity of the coils modelled 

(Figure 7.2c). 

7.1.4 Corrugated Fins with Beecher & Fagan's Correlations Applied to Correct the 
Sensible Heat Transfer Coefficient Only 

It was found that by applying Beecher & Fagan's corrections to the sensible 

heat transfer j-factor only, both the LMHD and the FD coil models were able to give 

reasonably good estimations of sensible and total cooling capacities of the coils (Figure 

7.3 a, b& c). However, the comparison between the model predictions and the 

manufacturer's data on latent cooling capacities is somewhat disappointing in that the 

deviations, in many cases, exceeded ± 25%. Nevertheless, it must be pointed out that 

the "manufacturer's data" on latent capacities referred to here were actually calculated 
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data based on the differences between the respective total capacities given and the 

sensible capacities calcualted using the air volume flow rates and on- and off-coil air 

conditions. The set, of latent capacity data used in the comparison therefore is by-itself 

subjected to a degree of inaccuracy higher than that of the total capacities. For instance, 

if the total capacity data for a coil is 5% above the actual value whereas the sensible 

capacity data is 5% below the acutal value, for a case where the actual sensible coil load 

is 70% of the actual total load, the calculated latent load will be 28% above the actual 

value. Taking into account the inaccuracy of the reference data used in the comparison, 

the coil models, in which B&Fs correlations were applied to correct the sensible heat 

transfer coefficients only, were adopted in this work for modelling performance of 

cooling and dehumidifying coils. 

7.1.5 Discussions on Comparison of Steady-state Model Predictions 

Results of the above simulation studies (Figures 7.1a and 7.3a) show that by 

adopting corrugated fins, the sensible cooling capacity of cooling and dehumidifying 

coils could be increased by more than 10%. This however was offset by a 

corresponding reduction in the latent cooling (dehumidifying) capacity (compare Figure 

7.2b with 7.3b) and the resultant total cooling capacity of the coils remained 

approximately the same as compared to flat-finned coils (compare Figures 7.1c with 

7.3c). Experience of cooling load calculations for buildings in Hong Kong (having a 

hot and humid climate) shows that the room sensible heat ratio (ratio of sensible cooling 

load to total cooling load) of an air-conditioned space is usually higher than the sensible 

heat ratio (ratio of sensible to total cooling capacity) of a cooling coil. In conjunction 

with the practice that the coil capacity output is controlled according to the room air 

temperature only (i. e. according to sensible room cooling load), the latent cooling 

capacity of a coil is seldom fully utilized. This sensible cooling effect enhancement 

therefore is a desirable improvement to the performance of a cooling and dehumidifying 

coil in that a smaller coil (e. g. less number of rows), and hence a more economical one, 
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can be used to cope with the same sensible and latent load when compared with a flat- 

finned coil. 

It was found that in general, both models can provide comparatively more 

accurate performance predictions for coils with medium to large size than smaller size 

coils. One of the reasons for this is due to the assumptions taken in evaluating the coil 

parameters such as total finned area, air-flow core area, etc., in which the irregularities 

of the tube array at the edges were ignored. The effect of this would be more significant 

for small size coils. It was also found that a majority of cases where there were larger 

deviations between simulated performance and catalogue data existed with 3-row coils. 

This showed that the correlation suggested by McQuiston to account for effects of 

different tube-rows (equation B. 33 in Appendix B) might not be able to provide a 

complete account of the effects. Further, the use of a counter-flow heat exchanger 

model may be inappropriate for 3-row coils. 

Despite the differences in the methods used to simulate the steady-state 

performance of coils, it can be seen from the simulation results that only small 

differences existed between the predictions of the LMHD coil model and the steady- 

state version of the FD coil model. One of the reasons for such differences was due to 

the effects of variations in the value of the proportionality constant 'C' that was used to 

evaluate the wet coil surface effectiveness (see Section B. 3.3 in Appendix B). In the 

LMHD model, 'C' was evaluated based on the air-flow exit plane conditions only and 

the surface effectiveness so determined was applied to the entire wet area of the coil. 

For the FD model, the values of C and surface effectiveness were calculated on a node- 

by-node basis with reference to the local coil surface and air conditions at each nodal 

point. The LMHD model was able to provide slightly better results when an average 

value of C was used, as suggested by McQuiston & Parker (28), which was obtained by 

taking the mean value of C based on the on-coil conditions and the leaving coil 

conditions. However, this was not adopted because more iteration steps would have 

been required whilst the improvement in accuracy of prediction was insignificant. 
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The method used in the LMHD model for determining the dry/wet boundary, 

and hence the dry and wet coil surface areas, should be more accurate than that in the 

FD model. In the latter, dry/wet areas only change in integral steps according to the 

number of sub-divisions adopted in solving the governing equations. However, the FD 

model's ability to account for variations in coil conditions along the air-flow direction (a 

variable C and, hence, surface effectiveness) is a favourable feature that is absent from 

the LMHD model. Also, the FD model allows intermediate conditions within the coil to 

be found but the LMHD model can be used to calculate the overall heat and mass 

transfer rates only. Nevertheless, if only the steady-state coil performance needs to be 

modelled, the LMHD model is simpler and computationally more efficient than the FD 

model (the ratio of computing time required by the two models is about 1: 2-4). 

7.2 Part-load Performance of a Cooling and Dehumidifying Coil 

In a constant air volume (CAV) system, the indoor temperature is controlled by 

adjusting the mass flow rate of chilled water through the cooling coil. Under design 

conditions, the latent cooling capacity of a typical cooling and dehumidifying coil 

accounts for about 30% of the coil's total cooling capacity. When the chilled water flow 

rate is reduced, both the sensible and latent cooling capacities of the coil will drop but 

the reduction is larger in latent cooling capacity than in sensible cooling capacity 

(relative to the respective capacity at the design chilled water flow rate; see Figure 1.2). 

Consequently, the indoor air humidity will rise as the dehumidification effect of the coil 

drops. 

Although the control over the indoor humidity under part-load conditions may 

be improved by using different control strategies (e. g. by controlling the cooling coil 

according to either the indoor temperature or humidity, whichever is deviating further 

away from the respective set-point, i. e. priority control (5.146)) or different system 

designs (e. g. coil face by-pass system (5,146)), these would incur a higher initial cost 

and possibly a higher running cost (e. g. if re-heat is used in conjunction with the 
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priority control). Therefore, these methods are seldom used in commercial buildings in 

Hong Kong (see also Section 1.3). Since an air-conditioning system operates under 

part-load conditions far more often than under the design load conditions and 

undesirably high indoor humidity may arise in these circumstances, the ability to 

properly model the part-load performance of cooling and dehumidifying coils is 

essential. 

Simulating the performance of a cooling and dehumidifying coil may be 

problematic when the chilled water flow rate is reduced to the extent that the coil surface 

condition is at the transition between partly wet and completely dry. Under this 

condition, before arriving at a converged solution, the computer program can encounter 

extreme values of parameters in the calculation which would give rise to execution 

errors and adjournment of the solution process. Experience was gained from the test- 

runs with the models in the course of their development that the value of the 

proportionality constant 'C' (in equation B. 66) could become negative and thus would 

cause an argument domain error to the square root calculation in the solution of the fin 

efficiency (see equations B. 68 & B. 69). 

To avoid such failures in simulation, a good initial guess of the leaving coil air 

and water conditions and of the coil surface temperature was found to be essential. In 

the LMHD model, initial values of the temperature changes in the two fluids were 

estimated by apportioning the temperature difference between the two incoming fluids 

with reference to their respective capacity rates (product of mass flow rate and specific 

heat). More importantly, the value of the proportionality constant 'C' at the leaving coil 

plane was checked at every iteration step and if its value was found to be negative, it 

was set to zero which implied that the coil was assumed to be completely dry. In 

addition, it was found that, in the solution for surface effectiveness, the surface 

temperature should be solved first in the iterative process rather than to solve directly 

the surface effectiveness (see Appendix B, Section B. 6). 
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For the FD model, similar methods were adopted to obtain initial guesses of the 

leaving coil air and water conditions. Air and water conditions at interior nodes were 

then evaluated assuming that they were linearly distributed along the air flow direction. 

Initial coil surface temperatures at all nodal points were then evaluated based on these 

conditions. In each subsequent iteration step, the coil surface temperatures were 

checked against the dew-point temperature of the air at corresponding nodes to 

determine if the surface at the node was dry or wet. Also, the value of 'C' was checked 

and set to zero (and the coil surface at that node taken as dry) if its value was found to 

be less than zero. 

The part-load performance of a cooling and dehumidifying coil with chilled 

water flow reduced from 100% down to a few percent of the design flow rate was 

modelled by the FD steady-state coil model. The cooling coil simulated was the one in 

the fan-coil unit selected for air-conditioning the model room based upon which test- 

runs with the building fabric heat and moisture transfer model were carried-out 

(Chapter 9). Construction details of the coil are given in Table 9.4. In this simulation 

study, the on-coil air temperature and humidity ratio as well as the on-coil chilled water 

temperature were held constant. The model predictions are as shown in Figures 7.4a - 

7.4c. 

It can be seen from the simulated results that the latent cooling capacity of the 

coil dropped to a very small value (Figure 7.4a) when the chilled water flow rate was 

reduce to less than 30%. The leaving coil air and water temperatures both rose by about 

10 °C (Figure 7.4b) and the leaving coil air humidity ratio approached the on-coil value 

(Figure 7.4c) over this range of chilled water flow rate reduction. This clearly showed 

that with reduction in chilled water flow, the temperature rise of the chilled water across 

the coil was increased which gave rise to an increase in the coil surface temperature and 

a reduction in the coil's dehumidification capacity. The general trend of cooling capacity 

variation predicted by the model was similar to the typical coil performance as shown in 

Figure 1.2. 

-152- 



7.3 Dynamic Performance of a Cooling and Dehumidifying Coil 

The dynamic performance of the coil modelled in the study on steady-state part- 

load performance of a cooling and dehumidifying coil (described in the preceding 

section) was modelled by using the finite difference (FD) dynamic coil model (Chapter 

6). In this simulation study, the chilled water flow rate through the coil was assumed to 

be controlled by an equal percentage valve and the valve position was proportional to 

the deviation between the room air temperature and the indoor set-point temperature. 

The indoor temperature was assumed to vary with time as shown in Figure 7.5a. 

However, the on-coil air temperature and humidity ratio and the supply chilled water 

temperature were held constant. For comparison, the steady-state performance of the 

same coil for the same on-coil air and water conditions at each time interval calcuated in 

the dynamic simulation was also calculated by using the steady-state version of the FD 

model. Results of the latter would correspond to making the assumption that the coil 

would be able to attain steady-state instantaneously, as would be the case if quasi- 

steady air-conditioning system models were used in a dynamic building thermal load 

simulation. 

Simulation results from both models are shown in Figures 7.5b - 7.5d from 

which it can be seen that a noticable time delay existed between the coil performance 

predicted by the dynamic model and those from the steady-state model. This is the 

effect of the thermal capacity of the coil materials, the transport delay for the fluids to 

flow across the coil and the rate of valve plug displacement in response to a change in 

indoor temperature. In detailed studies of how indoor air conditions could be affected 

by the performance of air-conditioning systems, the coil's dynamic characteristics 

should be accounted for. As will be seen from results of the simulation studies reported 

in Chapter 9, there are significant differences in the prediced indoor air humidity level 

between applying the dynamic and the steady-state models to simulated heat and 

moisture extraction rates from the room air by an air-conditioning system with on/off 

control. 
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7.4 Verification of the FD Dynamic Coil Model 

To verify how accurate the FD dynamic coil model can be when it is applied to 

simulate the dynamic performance of air-conditioning coils, the model was applied to 

simulate the transient responses of several coils which had been tested experimentally 

and the measured results are available. In searching for experimental data for 

verification of the dynamic coil model, it was found that although there are many 

references in which comparisons of modelled and experimentally obtained coil 

performance are reported (e. g. 36,147,149,153,154,156). in some of them, the descriptions 

about the construction details of the coils tested and the operating conditions under 

which the experiments were conducted were incomplete (e. g. 36,147), Such results are 

therefore not usable. However, some may still be used if there are only a few 

parameters missing and the missing data can be replaced by reasonable estimates. In 

this study, the results of Stoecker et al (153), Tamm and Green (149) and those of 

Maxwell et al (154) were used for verification of the Fl) dynamic coil model. 

7.4.1 Comparison with Stoecker et al's Experimental Results 

Stoecker et al's experiment (153) was on testing the response of a hot water 

heating coil to a step change in water flow rate. In their paper, the coil construction 

details and the incoming air and water temperatures were given but data of the flow 

rates of the two fluids pertaining to the experiment were missing. To circumvent this 

problem, the air mass flow rate (constant in this case) and the initial and final water 

mass flow rates (before and after the step change) were estimated by using the steady- 

state version of the FD coil model. In this, the steady leaving-coil air and water 

temperatures corresponding to a range of air and water flow rates were evaluated and 

compared with their respective initial and final steady values in the experiment (obtained 

from figures 9 and 11 in Stoecker et al's paper). The combination of air and water mass 

flow rates associated with the set of leaving coil conditoins that matched the initial and 

final steady experimental values were found to be 0.38 kg/s (air mass flow rate), 0.15 

kg/s (initial water mass flow rate) and 0.21 kg/s (final water mass flow rates) 
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respectively. The dynamic coil performance simulation study was based on this set of 

estimated fluid flow rates. 

Based on the given coil construction details, on-coil air and water temperatures 

and the estimated air and water flow rates, Stoecker et al's experiment on the heating 

coil, subjected a sudden increase in water flow rate (initially at the rate of 0.0326 kg/s2, 

see the small graph in Figure 7.6), were repeated numerically by using the FD dynamic 

coil model. Figure 7.6 shows a comparison of the modelled leaving air and water 

temperatures with the experimental results. Although there is a slight difference 

between the modelled and the measured results in respect of the coil's rate of response, 

the two sets of results are, in general, in good agreement with each other. 

7.4.2 Comparison with Tamm & Green' Experimental Results 

Tamm and Green (149) performed detailed experiments on the dynamics of 

multi-row finned hot water heating coils and their results have been used by others for 

verification of coil models (e. g. 158). Comprehensive descriptions about the construction 

details of the coils tested and the experimental conditions are given. The experimental 

results and the corresponding predictions of their transfer function coil model are 

shown in the form of Bode plots which represent the responses of the coils to 

sinusoidal pertubations of varying frequencies. Each set of results are shown by two 

curves: the amplitude ratio curve and the phase angle curve. In their paper, only the air 

temperature responses are reported. 

In Tamm and Green's experiment, the input used was a complex pulse signal 

which simulates a sinusoidal function (f(t)) comprising five harmonic components (the 

I sty 2nd, 4th, 8th and the 16th harmonics): 

f(t) = cos 0- cos 20 + cos 40 - cos 80 + cos 160 

where 0=2Tt; t= time and T= period. 
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Two fundamental frequencies were used for each set of tests performed; for the low 

frequency test, the fundamental frequency was 6 cycle per minute (cpm) and that of the 

high frequency test was 13 cpm. For convenience in carrying out test runs with the FD 

dynamic model and in analysis of the results, the input water flow rate functions (for 

the low and the high frequency tests) were each decomposed into five single harmonic 

functions (simple cosine functions), and test runs were performed for each component 

harmonics, one at a time. 

According to the above multi-harmonics function, the amplitude of each 

component harmonics should have been 0.162 times the range of the combined input 

function (the difference between the maximum and the minimum values of the input 

variable (the pertubation) which are given in Tamm and Green's paper). However, the 

amplitudes of the single harmonic functions so determined were very small which made 

it difficult to determine accurately the amplitudes of the coil response from the modelled 

results. As the experimental results are in the form of dimensionless amplitude ratios, 

approximately the same dimensionless frequency response can be obtained by using an 

input function that has a different amplitude (strictly true only if the coil has a linear 

response). Hence, in the computer simulation, the amplitudes of the inputs used were 

twice the amplitudes of the corresponding component harmonics of the combined input 

used in Tamm and Green's experiment. 

The FD dynamic coil model was applied to simulate the frequency response of 

the coil tested in Test No. 3 and 4 in Tamm and Green's experiment (a four row coil 

with counterflow arrangement subjected to a water flow velocity pertubation). Based on 

the input amplitude of the cosine functions determined from the range of hot water flow 

velocity in the tubes (and magnified) and the frequencies as given in their paper, a time- 

series of water flow rates was generated for each harmonic component of the input 

function and the data series were used as the input to the FD dynamic coil model. Other 

experimental conditions including water supply temperature, air flow rate and on-coil 

air temperature were mimicked in the numerical simulation. The amplitude ratios were 
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calculated from the air temperature response (with the transient variations at the initial 

phase of the coil response ignored), non-dimensionalized by the ratio of steady 

temperature and steady flow rate and expressed in decibel scale (as in Tamm & Green's 

paper). The phase lag was determined from the time-shift between the water flow rate 

input and the air temperature response curves. The results are shown in Bode plot 

(against the dimensionless frequency), together with the experimental results for 

comparison (Figure 7.7). The coil response as predicted by Tamm & Green using their 

transfer function model is also shown. This comparison shows that the dynamic 

response of the heating coil simulated by the FD model is in good agreement with the 

experimental results. 

7.4.3 Comparison with Maxwell et al's Experimental Results 

Maxwell et al (154) carried out experiments with a cooling and dehumidifying 

coil to obtain values for the coefficients of their simplified coil model. Their model is an 

empirical first-order dynamic model which simulates the transient leaving-coil air 

temperature (the output) in response to changes in the water flow rate (the input). In 

their model, the dynamic response of a coil is characterized by the time constant, the 

steady state gain and the temperature offset of the coil, all of which need to be 

determined experimentally. To account for the non-linear characteristics of a cooling 

and dehumidifying coil, these empirical coefficients vary with the water flow rate. In 

their experiment, the coefficients were evaluated by an on-line "recursive least squares 

identification technique" based on the measured transient response of the coil. In order 

to make the temperature offset independent of the water flow rate offset, the latter was 

set to zero and accordingly, the leaving air temperature offset did not correspond to the 

actual leaving air temperature. The two however are related to each other by: 

Temp. offset = Leaving air temp. + Steady-state gain x Water flow rate 

where the steady-state gain is the temperature 'drop' of leaving coil air per unit change 

in water flow rate. 
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In Maxwell et al's paper, the experimental conditions and some coil 

construction data are given. However, data about the coil width (W), the number of 

tubes per row (Ntpr), the internal and external tube diameters (Di & DX), the tube 

spacings at the air-flow direction (Xb) and in the transverse direction (xa) and the fin 

thickness (y) were missing. In the simulation studies, the following values, which are 

nominal values for coils of similar size, were assumed: 

W=0.762 m; Ntpr = 16 ; D; = 16.92 mm ; D. =19.05 mm ; 

xa=38.1 mm; xb=47.6mm; y=0.178 mm. 

Case 1 of Maxwell et al's experiment was repeated numerically in which the 

cooling coil tested was modelled by the FD dynamic coil model developed. The coil 

time constants corresponding to various water flow rates were determined from the 

transient leaving air temperature predicted by the FD coil model. In each step increment 

in water flow rate, the steady-state temperature drop (from the initial condition to the 

steady-state condition after the step-change) was noted and the time required for the 

leaving coil air temperature to reach 0.632 of the steady-state temperature drop was 

taken as the time constant for that step. The steady-state gain was evaluated by dividing 

the steady-state temperature drop by the change in water flow rate in that step. The 

corresponding leaving air temperature offset was calculated based on the water flow 

rate, the calculated time constant and the simulated leaving coil air temperature. 

Comparison of the simulated results with Maxwell et al's experimental data is 

shown in Figure 7.8. This shows that the deviations in steady-state leaving coil air 

temperature were more significant at the low water flow rate range. As a result, the coil 

time constant and the steady-state gain calculated from the simulated coil response over 

the same water flow rate range were lower than Maxwell et al's results. At a water flow 

rate of around 0.3 kg/s, the coil was at the transition between partly wet and completely 

dry and there were significant deviations in the steady-state gain and the leaving coil 

offset. However, the overall coil performance simulated by the FD coil model was in 

reasonably good agreement with the experimental results. 
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Chapter Eight 

The Integrated Building and Air-Conditioning 

System Models 

In this chapter, construction of the building and configuration of the air- 

conditioning system that can be modelled by the component models developed, the 

inter-relationships between the component models and how the component models 

were coupled together to form an integrated building and system model are described. 

The methods used to solve the coupled model equations, to control time-step sizes in 

the simulation calcuation, and to stagger the time progress in the building model and in 

the system component models to speed-up the solution process are explained. Finally, 

how weather data and material property data are handled in the integrated model are 

outlined. 

8.1 The Integrated Models 

The building heat and moisture transfer model developed from Huang's 

equations (Chapter 3) was integrated with a simple air-conditioning system model and 

used in preliminary studies at the early stage of this research (52) (see Appendix D). 

That air-conditioning system model comprised a steady-state cooling coil model (the 

LMHD model, see Appendix B), an on/off controller model, a control valve (linear 

type) model and a simple hydraulic circuit model (Chapter 5). The features of predicting 

the time of valve position reversal (from open to close and vice versa) and delaying the 
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valve action when such condition arises (see Sections 5.7 and 8.3.1 below) were not 

included, and the control valve was assumed to open or close instantaneously. In that 

model, the conventional successive back substitution method was used to solve the 

model equations. Because of the complexity of the building model (based on Huang's 

equations) and the less efficient numerical solution method used (compared with using 

the self-implicit scheme in conjunction with the Runge-Kutta-Merson method), a large 

amount of computing effort (and hence, time) needs to be spent when using that 

integrated model (the ratio of computing time to simulation time (where coil dynamics 

were ignored) was about 1: 1 when a 486PC was used). It was therefore abandoned in 

further investigations. 

The simulation studies reported in Chapter 9 were carried out by using the two 

integrated models developed from the differential permeability building heat and 

moisture transfer model (Chapter 4). In the first one, the differential permeability 

building model was integrated with the steady-state log-mean enthalpy difference 

(LMHD) coil model (Appendix B) and with models for other components of an air- 

handling system (Chapter 5). This model therefore is a quasi-steady-state model 

compring a dynamic building model and steady-state air-conditioning component 

models. The second one differs from the first one in that the finite difference (FD) 

dynamic coil model (Chapter 6) was used instead of the steady-state model. With the 

two models, the differences in simulation results, with and without accounting for the 

dynamics of the coil, can be compared (see Chapter 9). The two integrated models were 

named (and are called in this thesis) as "RKMACC" and "DERMAL" respectively. In 

the latter, the simulation time progress in the building model and that in the system 

model were staggered so as to speed up the computing process (see Section 8.3.2). 

At present, the two integrated models are both single zone models capable of 

simulating the heat and moisture transport phenomena in a room located at the perimeter 

side on a typical floor of a building. Also, the effects of furniture and other hygroscopic 

materials inside the room (e. g. fibrous materials, books and papers, etc. ), which in 
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reality may also affect the heat and moisture balances in the room air, were not included 

in the present investigation. Extending the model to a multi-zone model and to account 

for the effects of hygroscopic materials inside buildings are recommended as further 

work to be pursued on the basis of the work completed and an outline of how the 

effects of the latter may be approached is included in Chapter 10. 

8.1.1 Construction of the Room 

The room that can be modelled is of rectangular shape, enclosed by four walls 

and two slabs (see Figure 8.1). Each wall or slab of the room may be composed of 

several layers of different materials. One of the walls (Wall 1) is an exterior wall which 

is exposed at one side to the outdoor weather conditions. A rectangular window may be 

included in this wall. The internal partition walls (Wall 2,3 & 4) and the ceiling and 

floor slabs (Wall 5& 6) separate the room from adjacent rooms at the two sides, from 

the corridor at the side opposite to the exterior wall, and from rooms on floors above 

and below. The assumption was made that identical conditions exist in all adjacent 

rooms, including those at both sides of the room and on the floors immediately above 

and below. The corridor may have a different temperature and humidity (to be specified 

in the input data file) but they were assumed to be of fixed values. 

Based on the assumption that all adjacent rooms would be of construction and 

subjected to conditions identical to those of the model room, the external surface of 

each of the partition walls and the floor and ceiling slabs of the model room (and hence 

an internal surface of an adjacent room) was assumed to be exchanging heat and 

moisture at exactly the same rates as the corresponding internal surface of the model 

room. For instance, the rates of heat and moisture transfer at the external surface of 

Wall 2 were assumed to be identical to those at the internal surface of Wall 4. Likewise, 

the conditions at the external surface of Wall 4 were assumed to be identical to the 

internal surface of Wall 2. Wall 5 and 6 were treated similarly. 
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8.1.2 Configuration of the Air-conditioning System 

The room was assumed to be air-conditioned by a constant air volume system 

which may comprise either a fan coil unit (FCU) or an air-handling unit (AHU) 

depending on the required size of the equipment to cope with the cooling load of the 

room to be modelled (Figure 5.4). The cooling and dehumidifying coil in the air- 

handling equipment was connected to a pair of chilled water supply and return pipes 

and chilled water supply to the coil was assumed to be at a constant temperature. The 

flow rate of chilled water through the coil would be regulated by a two-port control 

valve which would vary its degree of opening according to the command signal from a 

room air temperature controller. In both the RKMACC and the DERMAC models, 

choices can be made between the use of an on/off or a proportional controller and of a 

linear or an equal percentage control valve, by input of appropriate parameters in the 

input data file for the computer model. Chilled water flow rate through the cooling coil 

was modelled by a simple piping network model (Chapter 5) based on a constant 

pumping pressure. 

The fresh air supply was assumed to be ducted to the return air plenum of the 

unit and would be mixed with the return air from the room. The mixed air would then 

enter the cooling and dehumidifying coil of the air handling equipment and the treated 

air leaving the coil would be supplied into the room. Duct and fan heat gains and 

transport delay in the supply ductwork are ignored in the model. The fresh air was 

assumed to be at the outdoor air conditions though the model could be used to study 

cases with the fresh air pretreated to a fixed condition (see Chapter 5& 9). 

Infiltration of outdoor air into the room was assumed to be at a constant rate (to 

be specified in the input data file). An assumption was made that room air would be 

exhausted at a rate equal to the sum of the rates of fresh air supply and infiltration, i. e. 

the room air pressure was assumed to be maintained at a constant level at all times and 

this was assumed to be equal to the atmospheric pressure. 
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8.1.3 The Inter-relationships of the Component Models 

In the integrated building and air-conditioning system models (the RKMACC & 

DERMAC models), the heat and mass transfer characteristics of the building fabric 

components, the room air and the components of the air-conditioning system were each 

described by a mathematical model. The room air model served as a connection through 

which the component models of the building fabric and the air-conditioning system 

were coupled together (Figure 8.2). The coupling was provided by the expressions that 

describe the convective heat and moisture transfer between the room air and the internal 

boundary surface of each building fabric component, thereby relating the variables 

(temperature and vapour pressure) pertaining to the internal surface nodes of the 

building fabric components to those of the room air. The room air model in turn was 

coupled to the air-conditioning system component models through input-output 

relationships where the states of the room air (output of the room air model) formed the 

input variables for the air-conditioning system component models (including the state of 

the air approaching the cooling coil and the room air temperature signal fed back to the 

controller). The models for the building fabric components (the walls, slabs and the 

window) are coupled to each other by the mathematical expressions that describe the 

rates of radiant heat transfer amongst the internal fabric surfaces (Chapter 3& 4). Heat 

and moisture transfer at the external surface of the exterior wall and convective and 

radiant heat transfer at the window were accounted for in the model so that the room air 

and air-conditioning system responses to changes in outdoor weather conditions could 

be properly modelled. 

Due to the complex inter-relationships amongst the building and the system 

component models, the response of each component will be influenced by the state of 

many other components. The relationships amongst the component models were not a 

simple unidirectional sequence of inputs and outputs but involved many interactions. 

There were also recursive loops of input-output relationships where outputs from a 

downstream component were fed back as inputs to an upstream one (e. g. the control 
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loop for the indoor temperature). Simultaneous solution of the responses of all the 

components therefore was required. However, considering the need for the flexibility 

to allow component models of different mathematical formulations to be integrated to 

form a combined model, the sequential modelling method (see Chapter 5) was adopted 

in the integrated building and system model. 

8.2 The Numerical Solution Methods Adopted 

The heat and mass transfer processes amongst the building and the air- 

conditioning system components were described by a set of coupled equations 

including partial differential equations (PDEs), ordinary differential equations (ODEs), 

and algebraic equations. The PDEs describing the heat and moisture transfer in the 

building fabric components (Chapter 4) and those of the FD dynamic coil model 

(Chapter 6) were first converted into a set of ODEs by partial discretization of the 

governing PDEs in the spatial domain. The resultant set of ODEs (and algebraic 

equations) was solved by using the Runge-Kutta-Merson (RKM) method (Appendix 

A). By using the self-implicit scheme (Chapter 4 and Appendix A) in deriving the 

ODEs for the component models, the implicitly formulated model equations could be 

solved by the explicit RKM method. More detailed descriptions about the numerical 

methods adopted in the models are described in Appendix A. 

Following the RKM numerical scheme, the changes in the variables of the 

component models over each time-step in the simulation process were evaluated in five 

stages. In each of these stages, the time derivatives of the variables were solved first 

and the incremental changes of the variables over the time-step (the k; s in Appendix A) 

were estimated. Values of the variables at the end of the time-step were then evaluated 

from the incremental values estimated in the five stages. The truncation error for each 

variable was then estimated and checked against the tolerance limit. If this was 

exceeded, the simulation calculation would be brought back to the starting point of the 

time-step and would proceed with the time-step reduced. Otherwise, the simulation 

would proceed to the next time-step. The next time-step size used for either onward 
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progression or re-calculation with a reduced time-step was determined with reference to 

the largest estimated truncation error amongst all the variables. 

In each of the five stages of calculations in a simulation time-step, the 

component models were solved sequentially starting from the external wall (Wall 1) and 

then to the other walls, slabs and the window (Wall 2 to 7), the air-conditioning system 

and finally to the room air. The solution processes involved are as outlined by the flow 

chart on the next page. 

Due to the coupling amongst the component models (and the use of an implicit 

scheme), solution of the time derivatives of the variables of a component model 

required a knowledge of the values of some variables from other components. For 

instance, in solving for the nodal conditions in a wall, the internal boundary surface 

temperatures of the other walls and slabs and the room air temperature and vapour 

pressure should be known. However, they themselves were also unknown variables 

that need to be solved simultaneously by the iterative procedure. 

By employing the self-implicit scheme, the need for iterating round all the 

component models in each stage of calculation was avoided (iterative calculations 

however were still required in the solution of variables within certain component 

models, e. g. the wall and the FD coil models, see Chapter 4& 6). This was possible 

because, in this scheme, the variables could be estimated from the known starting 

values of the variables in a time-step (the expressions at the RHS of the ODEs involved 

variables at the end of last time-step only). Also, the RKM method allowed the 

variables at each intermediate stage of a time-step to be estimated from the incremental 

changes of the variables evaluated at the preceding stage(s) and these could be used to 

evaluate the coefficients associated with the variables which were dependent on their 

current values. The heat and mass transfer rates between components could also be 

estimated based on these estimated intermediate values of the variables (see Appendix 

A, Section A7). Referring again to the wall model, the estimated room air temperature 
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A Flow Chart Showing the Solution Processes in the Integrated Model 
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and vapour pressure in a particular stage of calculation could be used to evaluate the 

rates of heat and moisture exchange between the boundary surface of the wall and the 

room air. Likewise, the estimated boundary surface temperatures of the other walls and 

the slabs could be used to estimate the radiant heat flux at the boundary surface of the 

wall. Similarly, in solving for the performance of the air-conditioning system, the 

intermediate stage room air temperature and humidity ratio were used in determining the 

control valve position (and hence chilled water flow rate through the coil) and the on- 

coil air conditions. The scheme proved to be very efficient and helped reduce 

considerably the computational effort required in the simulation studies. Otherwise, at 

least two to three times the computing time would be required. 

8.3 Time Progress Control in the Integrated Model and Staggering of 
Time Progress in the DERMAC Model 

In modelling the dynamic response of a system, the time-step size that can be 

used in the numerical simulation process is dependent on how sensitive the system is in 

response to a disturbance (in a first order system, this is characterised by the time 

constant of the system); the faster the response, the smaller the time-step needed. With 

large time-steps, the accuracy of the predictions will be poor and the numerical process 

may become unstable. In a model that simulates the dynamic response of a collection of 

components having markedly different response rates (the integrated building and 

system model is one such case), the smallest time-step (for maintaining stability and 

accuracy) required by the most sensitive component will need to be adopted for the 

entire simulation. This is referred to as a "stiff' problem (35,36,131,132) in numerical 

solution of differential equations. 

8.3.1 Time-step Size Control 

In the adopted numerical scheme (self-implicit + RKM), the size of time-steps 

used in the simulation process was kept under control by comparing the largest 

estimated truncation error against the tolerance limit. With this, a small time-step would 
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be used when the system was excited by a disturbance (as would occur at the start of a 

simulation or when a sudden change of an input condition was imposed onto the 

system) but when the system gradually settled down, the time-step would be enlarged. 

The simulation calculation would be brought back to the starting point and resumed 

from there with a reduced time-step if the largest estimated truncation error exceeded the 

tolerance limit. 

When simulating cases where on/off control was used, the operating conditions 

of the coil would be disturbed by the cyclic movement of the control valve between the 

open and closed positions. In the model, the time ahead where a reversal of control 

valve opening would be called for was predicted in every time-step of calculation. If the 

predicted time for this to happen was within the time-step (determined based on the 

estimated error of the last time-step), the time-step size would be adjusted to end right at 

this time. Thereafter, the time-step size will be reset to the preset starting value and 

control over the time-step size would then be dictated by the estimated truncation error. 

For the RKMACC model, one second was used as the standard starting time-step 

though this may be changed at the input data file. For the DERMAC model, the time 

progress in the building and the system models was "staggered" (see the following 

section) and, hence, two starting time-steps were used; the one for the building model 

was two seconds and that for the system component models was 0.08 seconds (these 

may also be changed at the input data file). 

8.3.2 Staggered Time Progress in the DERMAC Model 

The above time-step size control scheme performed satisfactorily when a 

steady-state cooling coil model was used (as in the RKMACC model). However, when 

the dynamic response of the cooling and dehumidifying coil was modelled 

simultaneously with the building fabric components and the room air, the time-step 

required by the coil model was found to be less than one second, though, for the 

building model, experience showed that a time-step of above 100 seconds could be 

used. When forced to adopt the same time-step size as required by the coil model, the 
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computing effort became too large to be acceptable (a program execution time greater 

than twice the simulation time was required). 

To circumvent this problem, the component models in the integrated building 

and system model (DERMAL) were divided into two groups. The first group (the lead- 

group) consisted of the building fabric component models (Wall 1 to 7) and the second 

group (the lag-group) consisted of the room air model and the air-conditioning system 

component models. The time progress in the two groups of models were "staggered" 

(Figure 8.3) so that different time-steps could be used in each group of components in 

the simulation. 

In a simulation, the changes in the state of the building fabric components over 

a certain time interval would be predicted first, during which the room air temperature 

and vapour pressure would be held constant. This would stop when the lead-group 

time was ahead of the lag-group by more than a preset maximum duration (120 seconds 

was used). Following that, the response of the room air and the air-conditioning system 

would be predicted and in this, much smaller time-step sizes (0.8 second at maximum) 

would be used. This would continue until the simulated time in the lag-group models 

matched that reached in the lead-group models. 

When the air-conditioning system was operating, the time-weighted averages of 

the indoor air conditions were calculated during the catch-up phase which would be 

used as the indoor air conditions (constants then) for the next simulation interval for the 

lead-group models. This enabled the heat and moisture exchanges between the building 

fabric components and the room air to be calculated based on a steady room air 

condition as the latter may have short-term fluctuations, especially when on/off control 

is adopted. In the period where the air-conditioning system is shut-down, the indoor 

conditions calculated at the end of the catch-up phase would be used. 

Because the rate of response of the building fabric to a change in the indoor air 

condition is much slower than the response of the air to a change in the internal surface 
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condition of the fabric, assuming that the fabric internal surface conditions remain 

unchanged throughout the "catch-up" phase is unrealistic. Hence, during the catch-up 

phase, the internal boundary surface conditions of the building fabric components were 

assumed to vary between the values at the start and the end of the staggered time 

interval (already calculated in the lead-group simulation) following a logarithmic growth 

or decay curve as follows: 

i) if a variable (say the temperature (T); similar applies to the vapour 

pressure (P�)) is decreasing in value during the staggered interval, 

T(t)=Toe-a(t- to) (8.1) 

! Tl 

where a 
In `Tll 

(8.2) 
tl-to 

To = value of T at the beginning of the staggered interval, 

T1= value of T at the end of the staggered interval, 

to = the starting time of the staggered interval, 

and t1= the ending time of the staggered interval. 

ii) if the variable (using T again as an example) is increasing in value 

during the staggered interval, 

T(t) = To + (Tl)(1- e- a' (t - to)) (8.3) 

1n(T) 
where 

TO 
(8.4) 

ti - to 

Using the above equations ensures that the values of the variables at the start and the 

end of the staggered interval remain the same. In addition, the variation of the variables 

within the interval is interpolated based on the response of a first order system which 

resembles the pattern of response of the variables at the internal-surfaces of the walls 

and slabs observed in trial simulations before the staggered-time arrangement was used. 
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With this staggered arrangement, the integrated building and system model is 

strictly not a simultaneous simulation model. However, the model should be able to 

give good predictions if the lead/lag time between the two groups of models was small. 

When the maximum duration of the staggered interval was set at 120 seconds, there 

was no noticable difference between results with and without this staggered 

arrangement. 

8.4 Outdoor Weather Input Data 

A weather data file was prepared as an input data file for use with the integrated 

building and system model. The file was compiled from records of Hong Kong 

weather data supplied by the Royal Observatory of Hong Kong (13). Amongst weather 

data for years from 1978 to 1991, the data of 1980 were chosen for use in the major 

investigations because weather conditions for this year had been verified to be the most 

representative for the period from 1979 - 1988 (161). Because frequent access to the 

weather data file is required in simulating the heat and moisture transfer in buildings, 

the weather data file was stored in "unformatted" form. This avoided conversion of the 

input weather data from the text form (ASCII characters) into binary form every time 

weather data were read from the file. 

The weather data file consisted of one year of hourly records of outdoor 

temperatures, relative humidities, wind speeds, wind directions and global solar 

radiation intensities. Outdoor temperature, relative humidity and solar radiation intensity 

data are the major parameters required in calculating heat and moisture transport into 

buildings. The wind speed and wind direction data are required in estimating the 

convective heat transfer coefficient (and the mass transfer coefficient through the use of 

the Lewis relationship) at the exposed surface of the exterior wall and window. 

Calculation of the convective heat transfer coefficient was based on the empirical 

correlations due to ASHRAE (162) (see Appendix Q. 
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In building heat transfer simulations, both the direct and the diffuse components 

of solar radiation are required. However, the Royal Observatory of Hong Kong (13) 

measures solar radiation intensities only in the form of global solar radiation (total solar 

radiation intensity on a horizontal surface). A method was therefore devised to 

decompose the global solar radiation intensity into direct and diffuse components in 

which the ratio of the measured global solar radiation intensity to the clear sky total 

horizontal intensity, and the solar altitude angle were used to estimate intensities of the 

two components (Appendix Q. 

Weather data in the input file were hourly records. In order to maintain a 

smooth variation in weather conditions, data between two hourly records were found 

by interpolation. In the integrated model, this was done by using cubic spline functions 

(163). The spline function coefficients for each weather parameter were based on six 

consecutive hourly records and among them, those of the current hour and the next 

hour were the third and fourth records. When the simulation progressed from one hour 

to another, the cubic spline function coefficients would be evaluated again. However, 

spline function coefficients for the preceding hour would still be kept in the computer 

memory so that if the simulated time was brought back to the starting time of a time- 

step (due to the estimated error exceeding the tolerance limit) necessitating the last set of 

coefficients be used again, they could be retrieved. 

8.5 Heat and Moisture Transport Property Data 

In the integrated building and system model, the heat and moisture transfer in a 

porous building material can be modelled when the following transport property data 

are available: 

i) For moisture transfer - the sorption isotherm and the total internal void 

volume fraction (dry state) of the material; and 

ii) For heat transfer - the density, thermal conductivity, specific heat and 

surface emissivity. 
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However, the model was restricted in that the material must be in the pendular state, 

and moisture transfer by filtration flow is negligible. 

At present, 'sorption isotherm data for five building materials, namely cement 

paste, cement-sand plastering, concrete, gypsum board and clay brick, are included in 

the database accompanying the computer models. The data for cement paste and 

concrete were from Harmathy (58). Those for gypsum board were from Thomas & 

Burch (53) and those for clay brick were from Harmathy (59). Sorption isotherms for 

building materials that are made from a mixture of cement and aggregrate materials may 

be determined from the sorption isotherm of the hydrated cement paste and the mixing 

ratio between cement and aggregates, based on the assumption that the aggregate 

materials are non-hygroscopic (58). The data for cement-sand plastering was determined 

by this method. Sorption isotherm and other relevant transport property data for a large 

collection of building materials are available from various related literatures, e. g. 

Hansen (69) & Kerestecioglu et al (95). 

Sorption isotherm data of building materials were stored in the data file in the 

form of a sequence of ordered pairs of equilibrium (volumetric) moisture content and 

relative humidity values. To facilitate interpolation of moisture content of the material, 

the cubic spline coefficients corresponding to each relative humidity reading were 

calculated and included in the data file. 
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Chapter Nine 

Results and Discussion of Simulation Studies 

9.1 Simulation Studies Performed 

9.1.1 Objectives of the Simulation Studies 

The coupled heat and moisture transfer in an intermittently air-conditioned room 

inside a building in Hong Kong was investigated by computer simulation. The 

objectives of the investigation are: 

i) to assess how significant the building fabric moisture sorption effect is, 

in conjunction with intermittent air-conditioning; 

ii) to assess the sensitivity of room humidity to infiltration rate; 

iii) to compare the effectiveness of passive humidity control of air- 

conditioning systems having different types of control (on/off and 

proportional); 

iv) to assess the effect of pre-treatment of the fresh air supply; and 

v) to contrast the predicted results between modelling the performance of 

the cooling and dehumidifying coil by a steady-state model and a 

dynamic model; and 

vi) to verify the predictive accuracy of the simulation models. 

- 174 - 



The results summarized in this chapter were obtained by using the DERMAC and 

RKMACC integrated building and air-conditioning system models (Chapter 8). 

9.1.2 Model Room Construction and Characteristics of the Air-conditioning System 

Construction of the room modelled is as shown in Figure 8.1. Dimensions of 

the room were 3m (W) x3m (D) x3m (H). The enclosing walls and slabs of the 

room were all assumed to be constructed of a central core of 100 mm thick concrete and 

a 13 mm thick cement-sand plastering layer at each surface (Figure 9.1). There was a 

window (denoted as Wall 7) in the exterior wall (Wall 1) occupying half of the exposed 

area of the wall. Construction details and material properties of the walls, the slabs and 

the window are as summarized in Table 9.1. The room was assumed to be air- 

conditioned between 8: 30 am to 5: 00 pm, with one occupant and lighting and 

appliances turned on during the period from 9: 00 am to 5: 00 pm. The indoor conditions 

of the room assumed are as summarized in Table 9.2. 

In the simulation studies, the external plastering layer, the concrete core and the 

internal plastering layer of each wall and slab were discretised respectively into 5,15 & 

5 sub-layers. This choice was a compromise between competing factors such as the 

accuracy of the results, the computing time and the amount of memory (random access 

memory (RAM)) required in a simulation. In general, with more sub-divisions, the 

truncation error (given rise by approximating the governing partial differential equations 

by finite difference equations) will be smaller. However, to achieve this, more RAM 

spaces and computing time will be required and, because of the larger amount of 

computations involved, the modelled results will be subjected to higher rounding off 

errors. 

The air-conditioning system was assumed to be a fan-coil system (Figure 5.4). 

Chilled water supply to the fan-coil unit was assumed to be at a constant temperature of 

7 °C. The design cooling load of the room was calculated based on ASHRAE's method 

(ASHRAE 1989) using Hong Kong weather data for design cooling load calculations. 
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The result is summarized in Table 9.3. Based on this design cooling load, a fan-coil 

unit of characteristics shown in Table 9.4 was chosen and all simulation studies 

reported here were based on this fan-coil unit. 

9.1.3 Verification of the Predictive Accuracy of the Integrated Model 

The model room described above has a construction and air-conditioning 

system similar to those of a staff office at the Hong Kong Polytechnic where indoor 

conditions in hot summer days in August, 1991 had been measured. Indoor conditions 

predicted by the integrated computer model were compared against the measured indoor 

conditions in order to provide some limited verification of the model predictions. 

More rigorous verification was not carried out because that requires many 

instruments for measuring all the participating variables (e. g. temperatures and moisture 

contents in the walls and slabs; heat and moisture fluxes at the wall and slab surfaces; 

flow rates, temperatures and humidities of air in the room and the air-conditioning 

system; flow rates and temperatures of chilled water in the piping system; and the 

pressure losses across the air-conditioning system components; etc. ) but, 

unfortunately, a complete set of such instruments was not available. Moreover, even if 

such instruments were available, this would require a substantial amount of time for the 

planning, preparation and execution of the work*. These include to properly set-up the 

large number of measuring instruments involved (e. g. embedding thermocouples and 

moisture content sensors into building walls and installing flow rate, temperature and 

humidity sensors in the air-conditioning system, etc. ), to develop a data acquisition 

system for collecting the measured data, to calibrate these instruments, and to carry out 

measurements for a long enough period of time. Taking into account the amount of 

work required for developing the computer models, the measurement work was 

excluded from the present study. 

"A research project proposal covering such measurement work has been submitted to the University 
and Polytechnic Grants Committee in Hong Kong (the organization responsible for funding 
allocations, including research funding, to Univeristies and Polytechnics in Hong Kong) to bid for 
funding support for the required instruments and manpower. The estimated total cost of the project was 
about HK$ 700,000 (£58,000) and the estimated duration of the project was three years. 

-176- 



Nevertheless, attempts have been made to verify individual component models 

based on experimental data available from various sources (e. g. Thomas and Burch's 

experimental data (53) for verifying the differential permeability model (Chapter 4), 

manufacturer's catalogue data for verifying the steady-state coil models (Chapter 7) and 

published dynamic coil performance data (149,153 & 154) for verifying the FD dynamic 

coil model (Chapter 7)). Also, the simple measurement taken in the Polytechnic staff 

office provided some data for comparison with predictions of the integrated model. 

9.1.4 Cases Studied by Computer Simulation Using the Integrated Model 

Three sets of simulation studies were carried out. The first was based on 

estimated initial moisture content distributions across the walls and slabs (as shown in 

Table 9.1). Results of this showed that moisture content variations inside the building 

walls and slabs was a long-term phenomenon (in the order of weeks) and this would 

significantly affect the short-term (daily) indoor air humidity (also see discussions in 

Section 9.2.2.2. c). 

By repeating the simulation for a number of daily cycles, using the same daily 

profiles of weather conditions and internal loads, a steady daily pattern of moisture 

content distribution in the building fabric components could be obtained which could 

then be used as the starting point for subsequent simulation studies on responses of the 

building and the air-conditioning system to changes in input conditions (such as 

varying the infiltration rate, changing the type of control, etc. ). However, this approach 

would require a large amount of computing time and therefore was not taken. Instead, 

another set of initial moisture contents was estimated, based on the trend of moisture 

content variations predicted in the first set of simulation studies, and another set of 

simulation studies was carried out based on the latter set of estimated initial conditions. 

Results of the latter show that the second set of estimated initial moisture contents was a 

good estimate in that there were no significant variations, on a daily cycle basis, in the 

internal moisture contents of the building fabic components (see Section 9.3). 
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Although the first set of simulation studies was based on a set of 

"inappropriate" initial moisture contents, the conclusions drawn based on some of the 

results would still be valid. Therefore, such results are reported in this chapter and 

studies on those cases were not repeated in the second set of simulation studies. These 

include results showing: 

i) the trend of moisture content changes inside the building fabric 

components (which led to the conclusion on the inappropriateness of the 

assumed initial moisture contents); 

ü) the differences in predictions between the RKMACC and the DERMAC 

models; 

iii) the indoor air conditions that would arise if moisture adsorption and 

desorption effect of the building fabric materials was ignored; 

iv) the effects of varying infiltration rates; and 

v) the influence of proportional control (without fresh air supply pre- 

treatment). 

Results of the second set of simulation studies were then compared with those 

from the first set and further simulation studies were also carried out to investigate: 

i) the effects of pre-treating the fresh air supply to the room; and 

ü) the pull-down operation after a prolonged shut-down period. 

The third set of simulation studies was based on the weather conditions 

corresponding to the period when measured data for the Hong Kong Polytechnic staff 

office were available, and the results were compared with the measured data to show 

the predictive accuracy of the model. 
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The following lists the cases studied by computer simulation with results 

reported in the following sections of this chapter (the case numbers shown in the list are 

referred to in descriptions on these studies): 

1 The First Set of Simulation Studies (Figures 9.2 - 9.12) 

Conditions Simulated Period 

1.1 Continuously air-conditioned by a perfect air- 0: 001/7/80 to 
conditioning system 8: 30 4! 7/80 

1.2 Continuously air-conditioned by a perfect air- 8: 301/7/80 to 
conditioning system 8: 30 4/7/80 

1.3 Intermittent air-conditioning by LMHD coil model with 8: 30 4/7/80 to 

on/off control 17: 00 5! 7/80 

1.4. a Intermittent air-conditioning by FD coil model with 8: 30 411/80 to 

on/off control 17: 00 5/7/80 

1.4. b Intermittent air-conditioning by FD coil model with 17: 00 5/7/80 to 

on/off control 17: 00 7/1/80 

1.5 Intermittent air-conditioning by LMHD coil model with 8: 30 4/7/80 to 

on/off control and with wall moisture adsorption and 17: 00 5/7/80 

desorption ignored 

1.6 Intermittent air-conditioning by LMHD coil model with 8: 30 4! 7/80 to 

proportional control 17: 00 517/80 

1.7 Intermittent air-conditioning by LMHD coil model with 8: 30 4! 1/80 to 

proportional control, pretreated fresh air and zero 17: 00 5/7/80 

infiltration 

1.8. a Intermittent air-conditioning by L. MHD coil model with 8: 30 4! 7/80 to 

proportional control, pretreated fresh air and infiltration 17: 00 5/1/80 

of 1 air-change per hour 

1.8. b Intermittent air-conditioning by LMHD coil model with 17: 00 5/7/80 to 

proportional control, pretreated fresh air and infiltration 17: 00 7! 7/80 

of 1 air-change per hour 
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2 The Second Set of Simulation Studies (Figures 9.13 - 9.25) 

Case Conditions 
I44. 

2.1 Intermittent air-conditioning by a perfect air-conditioning 0: 001! 1/80 to 
system 8: 30 4/7/80 

2.2. a Intermittent air-conditioning by LMfID coil model with 8: 30 4/7/80 to 
on/off control 8: 30 6/1/80 

2.2. b Intermittent air-conditioning by LMHD coil model with 8: 30 617/80 to 
on/off control 17: 00 71780 

2.3. a Intermittent air-conditioning by FD coil model with 8: 30 4/7/80 to 

on/off control 8: 30 617/80 

2.3. b Intermittent air-conditioning by FD coil model with 8: 30 6/7/80 to 
on/off control 17: 00 7/7/80 

2.4 Intermittent air-conditioning by LMHD coil model with 8: 30 4/7/80 to 
on/off control and with wall moisture adsorption and 17: 00 7/1/80 
desorption ignored 

2.5 Intermittent air-conditioning by L. MHD coil model with 8: 30 4/1/80 to 
on/off control & pretreated fresh air 17: 00 5/7/80 

2.6 Intermittent air-conditioning by LMHD coil model with 8: 30 4/7/80 to 
proportional control and pretreated fresh air 17: 00 5/1/80 

2.7 Intermittent air-conditioning by FD coil model with no 8: 30 5/7/80 to 
air-conditioning for a long period, 8: 30 6/7/80, 

followed by an air-conditioned period (with on/off 8: 30 6/7/80 to 
control) 17: 00 617/80 

3 

MQ. 

3.1 

3.2 

The Third Set of Simulation Studies - Verification Tests 
(Figures 9.26 - 9.28) 

Intermittent air-conditioning by LMHD coil model with 
on/off control 

Intermittent air-conditioning by LMHD coil model with 
on/off control 

0: 00 8/8/91 to 
7: 30108/91 

7: 30 10/8/91 to 
24: 0012/8/9 1 
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9.2 The First Set of Simulation Studies (Pilot Studies) 

9.2.1 Initialization Runs with "Perfect" and Continuous Air-conditioning (Cases 1.1 

& 1.2) 

Each layer of material in the building fabric elements was initially assumed to be 

at a uniform temperature and moisture content as shown in Table 9.1. A better set of 

initial conditions for all nodal points in the building fabric was obtained by performing 

an initialization run to allow the fabric materials to settle at more realistic profiles of 

conditions which could be used as the starting conditions for subsequent simulation 

studies. The initialization run (Case 1.1) was performed with reference to the actual 

hourly weather conditions in Hong Kong (13) at 0: 00 hour on Ist July, 1980 till 8: 30 on 

4th July, 1980 (see Chapter 8). Throughout this period, it was assumed that the indoor 

air conditions were maintained at the design state, i. e. the air-conditioning system was 

assumed to be "perfect" and able to cope exactly with the sensible and latent heat loads 

of the room at all times, and that the system was operated continuously. Simulation 

results obtained in this initialization run, including the vapour pressure, temperature and 

moisture content at the internal surfaces of Walls 1,2,5,6 & 7; the heat and moisture 

gains (by the room air) from these surfaces and the total room sensible, latent and total 

loads from all sources; and the indoor and outdoor conditions in the simulated period, 

are shown in Figures 9.2. a, b&c (similar kinds of results are presented for other cases 

studied). 

a) Weather Conditions in the Simulated Period 

It can be seen (Figure 9.2. c) that throughout this period, the outdoor 

temperature varied between about 27 °C (300K, occurring at the night time) to about 33 

°C (306K. in the afternoon). Solar radiation intensity on the South facing external wall 

of the room had a peak value of about 300 W/m2. The outdoor air humidity ratio was 

within the range from 0.016 kg/kg to 0.024 kg/kg. These outdoor weather conditions 
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represent typical diurnal range of outdoor weather conditions in hot summer days in 

Hong Kong. 

b) Wall Internal Surfaces Conditions and Heat and Moisture Transfer to the Room 
Air 

Variations in the vapour pressure, temperature and moisture content at the 

internal surfaces of the walls and slabs and the temperature of the window during this 

period exhibited cyclic changes (Figure 9.2. a), as a result of the diurnal changes in 

outdoor weather conditions and internal loads (from occupants and lighting). Due to the 

much lower thermal capacity of the window glass (Wall 7), changes in its temperature 

(Figure 9.2. a. ii) followed closely the patterns of outdoor temperature and solar 

radiation (Figures 9.2. c. i & iii). Conversely, because of the substantial thermal capacity 

of the wall, internal surface temperature of the external wall (Wall 1) exhibited a cyclic 

pattern that lagged behind that of the window by about 4 hours (Figure 9.2. a. ii). Under 

the influence of solar radiation transmitted through the window and the internal loads, 

there were also cyclic changes in internal surface temperatures of the partition walls and 

the range of these changes was about 2 °C. 

Corresponding to an initial temperature of 300 K (- 27 °C) and an initial 

moisture content of 0.06 m3/m3 in the plastering layer, the initial vapour pressure at the 

internal surfaces of the walls and slabs was about 1850 Pa. The vapour pressure of 

room air at the design condition however was around 1570 Pa. Due to this vapour 

pressure difference, the walls and slabs started to release moisture (Figure 9.2. b. ii) into 

the room air leading to a drop in moisture content at the wall surfaces (Figure 9.2. a. iii). 

The rate of moisture desorption gradually dropped as the vapour pressure at the wall 

surfaces approached that of the room air. Following the increase in wall internal surface 

temperatures later in the day, the vapour pressure at the wall surfaces rose and as a 

consequence, the rate of moisture desorption from the walls increased again and the 

moisture content dropped further. The total heat gain from the wall and window 

surfaces and the room sensible and latent loads also varied in cyclic patterns as a result 
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of these changes (Figure 9.2. b). For the room latent cooling load profile, the noticeable 

step changes were caused by the presence of the occupant (and hence a moisture 

source) during the occupied period (9: 00 - 17: 00) and the increased rates of moisture 

desorption from the walls and slabs. 

From the time-plots of the vapour pressure and moisture content at the wall 

internal surfaces (Figure 9.2. a. i & iii) and of the moisture gains from the walls (Figure 

9.2. b. ii), it can be seen that there was a gradual trend of reduction in these variables. 

To ensure that any moisture desorption from the building fabric material that would be 

predicted in subsequent simulation studies was not due to the use of unrealistically high 

initial moisture contents in the building fabric materials (i. e. insufficient pre- 

conditioning of the building fabric), the simulation run was repeated for two more 

days. (This however had been proven to be the contrary - see section 9.2.2.2. c below. ) 

The starting time of this simulation (Case 1.2) was set at 8: 30 on Ist July, 1980 

whereas the conditions of the walls, slabs and the window at 8: 30 on 4th July, 1980, 

as obtained at the end of the preceding simulation (Case 1.1), were taken as the initial 

conditions. Simulation results of Case 1.2 (Figures 9.3. a & b) show that the cyclic 

pattern of variations in the internal surface conditions of the building fabric became 

more steady. States of the walls, slabs and window at end of this simulation were then 

used as the initial conditions in subsequent simulation studies of the first set. 

9.2.2 Simulation of Indoor Air Conditions Under Intermittent Air-conditioning 

Simulations starting from 8: 30 on 4th July, 1980 were performed to study the 

effects of intermittent air-conditioning. The simulated time covered an air-conditioned 

period, a shut-down period and another air-conditioned period. Actual weather 

conditions of Hong Kong, corresponding to the simulated time, were used and 

performance of the air-conditioning system was modelled in detail. 

The two integrated models, namely RKMACC (where the cooling coil was 

modelled by the LMHD steady-state coil model) and DERMAC (in which the FD 
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dynamic coil model was adopted), were both applied so that predictions of these two 

models could be compared. In both cases, the air-conditioning system was assumed to 

be controlled by an on/off controller and the control valve was assumed to be a linear 

valve. An assumption was also made that the control valve would take 30 seconds to 

move from the fully open to the fully closed position (or vice versa) at a constant speed. 

The control differential (or dead-band) of the on/off controller was set at 2 °C, i. e. the 

on and off settings were 1 °C below and above the set-point temperature respectively. 

9.2.2.1 Results Obtained by Using Model RKMACC (Case 1.3) 

The variations in vapour pressure, temperature, and moisture content at the 

internal fabric surfaces of the room, the heat and moisture transfer to and from these 

surfaces, the room cooling load components and changes in the room air conditions 

over the period from 8: 30 on 4th July, 1980 to 17: 00 on 5th July, 1980, as predicted 

by using the RKMACC model (Case 1.3), are shown in Figures 9.4. a, b&c. 

a) The First Air-conditioned Period 

With on/off control in the air-conditioning system, the indoor air temperature 

was fluctuating about the set-point temperature during the air-conditioned periods 

(Figures 9.4. a. ii & c. i). The amplitude of fluctuation from the set-point was slightly 

larger than ±1 °C because the control valve took a finite time (30 seconds) to open or 

close in reaction to a command from the controller for reversal of valve position. The 

proportion of time where the control valve would be fully open depends on the room 

sensible cooling load - the higher this is, the more frequent the control valve will stay 

open. 

During times when the chilled water supply to the cooling and dehumidifying 

coil was stopped (and when the flow rate was less than 30% of the design flow rate 

while the control valve was opening or closing, see Chapter 7), the coil was unable to 

provide any dehumidification effect and hence, removal of moisture from the room air 

was intermittent. Consequently, the indoor air humidity ratio (and vapour pressure) that 
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the air-conditioning system was able to maintain was higher than the design level used 

in Cases 1.1 & 1.2 where the air-conditioning system was assumed-to be "perfect" 

(0.0104 kg/kg c. f. 0.0098 kg/kg). 

The vapour pressure in the room air (Figure 9.4. a. i) exhibited a rapid rise at the 

start of the simulation run. This lasted for 30 minutes of the simulation time which 

corresponds to the duration between the time when the air-conditioning system was 

started (8: 30 am) and when the room was occupied and the lighting was turned-on 

(9: 00 am). In this period, the outdoor temperature and the solar intensity were low. As 

a consequence, the walls and slabs continued to absorb moisture from the room air 

(Figure 9.4. b. ii) (see also Section 9.2.3). Later in the day, as the room sensible cooling 

load became larger which led to an increase in dehumidification performance of the 

FCU, the room air vapour pressure gradually dropped. Coupled with the effect of the 

increase in internal surface temperatures (Figure 9.4. a. ii), the walls and slabs started to 

release moisture back to the room air and thus caused a rise in the room latent cooling 

load (Figure 9.4. b. iii). 

b) The Shut-down Period 

When the air-conditioning system was shut-down, the indoor air temperature 

quickly rose and approached the outdoor temperature (Figure 9.4. c. i). This was due to 

the continued injection of heat into the room air due to the heat gain from the walls and 

window and infiltration of outdoor air. Likewise, a significant rise in the indoor 

humidity ratio was predicted (Figure 9.4. c. ii) but the rate of rise was much slower than 

the indoor temperature. The indoor humidity ratio reached at the end of the shut-down 

period (about 0.014 kg/kg) was still far below the outdoor level (above 0.02 kg/kg). 

This resulted from the moisture adsorption effect of the porous building fabric 

materials. 

As moisture was continuously transferred into the room air due to infiltration, 

moisture content of the room air, and hence its vapour pressure, started to rise 
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immediately after the air-conditioning system was shut-down (Figure 9.4. a. i). When 

the indoor vapour pressure became higher than that of the moist air inside the voids of 

the surface layer of materials of the building fabric, moisture transfer from the room air 

to the building fabric was initiated which significantly slowed down the rate of rise in 

indoor air moisture content. The majority of the moisture transported into the room was 

stored within the voids inside the porous building material, giving rise to increases in 

moisture content at the walls and slabs (Figure 9.4. a. iii). 

From the time-plot (Figure 9.4. a. iii) of the moisture content at the internal 

surface of the floor slab (Wall 6), it can be seen that the rate of rise in its moisture 

content was initially much slower than the other walls (e. g. Wall 2) and the ceiling slab 

(Wall 5). The was due to the different convective heat transfer coefficients adopted to 

evaluate heat convection from a horizontal surface to the air above it. The convection 

heat transfer rate in this situation is dependent on the direction of heat flow - the heat 

transfer coefficient for heat flow in the upward direction is higher than that for 

downward heat flow (4,5,162). With the moisture transfer coefficient related to the heat 

transfer coefficient by the Lewis relationship (equation 3.17), there was a change in 

heat and moisture transfer rates when the slab surface temperature changed from below 

to above the room air temperature. When the surface temperature became higher than 

that of the room air, the moisture adsorption rate increased causing an increase in 

moisture content of the slab to a level comparable with the ceiling slab (Wall 5) and 

other partition walls. 

c) The Second Air-conditioned Period 

When air-conditioning was resumed in the following day, starting from a high 

indoor temperature and humidity, the fan-coil unit was capable of bringing the indoor 

temperature back to the controllable range within 15 minutes. It however took about 

two hours for the indoor air humidity to be lowered to a steady level. Once the indoor 

air vapour pressure fell below the vapour pressure at internal surfaces of the walls and 
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slabs, the moisture stored within the walls and slabs during the non-air-conditioned 

period was released back to the room air (Figure 9.4. b. ii). 

When compared with the first air-conditioned period, the rate of moisture gain 

by the room air from the building fabric was much higher and moisture desorption from 

the walls and slabs lasted throughout the air-conditioned period. This indicates that the 

initialization run pre-conditioned the building fabric to a moisture content that is lower 

than the attainable level when the air-conditioning system was intermittently operated. 

The moisture desorption reduced gradually to about half of the initial rate towards the 

end of the air-conditioned period and a corresponding drop in room latent cooling load 

was predicted. This simulation result clearly demonstrated that indoor air conditions 

would be significantly affected by the moisture capacity of the building fabric materials. 

9.2.2.2 Results Obtained by Using Model DERMAC (Cases 1.4. a &III 

a) The Simualtion Results 

The above simulation study (Case 1.3) was repeated by using the DERMAC 

model in which the cooling and dehumidifying coil was modelled by the FD dynamic 

model (Case 1.4. a). The model predictions are shown in Figures 9.5. a to 9.5. c. 

By comparing this set of results (Case 1.4. a) against that predicted by the 

RKMACC model (Case 1.3), it can be seen that although the trends of the variables 

predicted by both models are similar, significant differences can be identified: 

i) The indoor air humidity ratio (Figure 9.5. c. ii) and vapour pressure 

(Figure 9.5. a. i) in the air-conditioned periods were significantly higher 

(c. f. Figures 9.4. c. ii & 9.5. a. i respectively); 

ii) The moisture content at the surfaces of the walls and slabs were higher 

(Figure 9.5. a. iii c. f. Figure 9.4. a. iii); 

iii) The moisture adsorption by the building fabric in the first air- 

conditioned period was higher and the moisture desorption from the 
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building fabric in the second air-conditioning period was significantly 

lower (Figure 9.5. b. ii c. f. Figure 9.4. b. ii). 

b) Comparison of Model Predictions Between the LMHD Coil Model and the FD 
Dynamic Coil Model 

By using the steady-state LMHD model to simulate the performance of the 

cooling and dehumidifying coil, the assumption is made that cooling coil could quickly 

approach steady-state conditions when subjected to changes in the states and flow rates 

of the inlet fluids. This is unrealistic when on/off control is adopted. For instance, 

when the control valve is closed, the coil surface temperature will rise gradually 

because of the thermal capacities of the coil material and the chilled water retained 

within the tubes. Once the coil surface temperature rises above the dew point 

temperature of the air flowing across the coil, no dehumidification effect will be 

evident. However, the coil will continue to provide a certain rate of sensible cooling 

until its surface temperature approaches the on-coil air temperature. Conversely, when 

the control valve is opened and chilled water flow through the coil is resumed, a small 

time will be taken for purging the residual chilled water out of the tubes and the surface 

temperature of the coil will drop gradually. The on and off-periods will therefore be 

longer and there will be a smaller number of such cycles within a given period of time 

as compared to what would be predicted when a steady-state coil model is used. 

Under on/off control, the cooling coil will start removing moisture from the air 

flowing across it after the control valve has stayed open for some time. With fewer "on- 

periods", the dehumidification effect predicted by the FD dynamic coil model (which 

should be the more realistic case) was less than that predicted by the LMHD steady- 

state model. Consequently, the indoor air humidity predicted was higher and the 

moisture desorption from the building fabric during the air-conditioned periods was 

lower. These explain why the predictions by the DERMAC model (Case 1.4. a) were 

different from those predicted by the RKMACC model (Case 1.3). 
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To further illustrate these phenomena, the following variables over a short 

duration in an air-conditioned period were modelled by using both coil-models and the 

corresponding results were overlaid to give a clear comparison between them: 

i) The indoor air temperature and humidity ratio (Figure 9.5. d. i); 

ü) the supply air temperature (Figure 9.5. d. ii) and humidity ratio (Figure 

9.5. d. iii); 

iii) the sensible cooling effect (Figure 9.5. d. iv), latent cooling effect 

(Figure 9.5. d. v) and the total cooling effect (Figure 9.5. d. vi) provided 

by the coil. 

The results clearly show that for the case modelled, the duration of an on/off cycle 

predicted using the FD dynamic coil model was about 5 minutes but that predicted by 

using the LMHD steady-state coil model was only about 3.5 minutes (Figure 9.5. d. i). 

The other distinctive difference between the predictions of the two models was that the 

sensible cooling effect of the coil as modelled by the FD model did not drop to zero 

during the off-periods (Figure 9.5. d. iv). This confirmed that the thermal capacitance of 

the coil maintained a small amount of sensible cooling during the off-periods (and this 

lengthened the duration of the off-periods). Due to the fewer number of on-periods and 

the time required for the coil surface temperature to drop during the on-periods, the 

latent cooling effect of the coil as predicted by the FD coil model was less than that by 

the LMHD coil model (Figure 9.5. d. v). Consequently, the indoor humidity ratio 

predicted by the FD model was higher. 

Results of the simulation studies clearly show that when on/off control is 

adopted, the dynamic response of the cooling and dehumidifying coil could 

significantly affect the performance of an air-conditioning system, particularly in the 

passive control of indoor humidity. Therefore, when computer modelling is used to 

assess the performance of the air-condtioning system, the dynamic performance of the 
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cooling and dehumidifying coil should be modelled in detail. A quasi-steady model 

could bring about optimistic results which might not be achievable in reality. 

c) Moisture Content in the Walls and Slabs 

It can be seen from the simulation results of Cases 1.3 and 1.4. a (Figures 

9.4. b. ii & 9.5. b. ii) that more moisture was adsorbed than released by the walls and 

slabs over a cycle of air-conditioned and non-air-conditioned periods. Results of a 

further simulation run (Case 1.4. b) for two more days, by using the DERMAC model, 

showed that whilst the rate of moisture adsorption during the shut-down period 

remained approximately the same, the rate of moisture desorption from the building 

fabric during the air-conditioned periods became much higher and lasted throughout the 

air-conditioned period (Figure 9.6. b. ii c. f. Figure 9.5. b. ii). Nevertheless, the total 

amount of moisture adsorbed in the shut-down period was still larger than that released 

by the building fabric during the air-conditioned period. This implied that there was a 

net gain of moisture by the building fabric from the room air which should cause an 

increase in the total moisture content in the walls and slabs of the room. 

The predicted moisture content variations at selected nodal positions in Wall 1 

and Wall 2 (Figures 9.7. a to d, based on results of Cases 1.4. a & b) indeed showed 

that there was a significant increasing trend in moisture content at the interior nodes of 

these walls throughout the simulated period. In each daily moisture adsorption and 

desorption cycle, there was a net gain of moisture in the building fabric. The net 

moisture gain at the internal boundary surfaces were transferred towards the inner 

regions of the walls and slabs. The time required for the moisture content of the walls 

and slabs to attain steady-state conditions (on a daily cycle basis) could be several 

weeks. This showed that the indoor air conditions predicted in the short-term 

simulation run (for several days of simulated time only) might not represent the 

situations in the room when it was subjected to repeated daily cycles of outdoor weather 

conditions unless the simulation run is continued for a much longer period of time. 

Alternatively, the initial moisture contents of the building materials used in the 
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simulation should be adjusted to correspond to the likely steady levels (as done in the 

second set of simulation studies). 

9.2.3 The Case With Moisture Adsorption and Desorption at the Building Fabric 
Ignored (Case 1.5) 

The simulation results described in the preceding sub-sections showed that, 

under intermittent air-conditioning, and with the moisture transfer in the porous 

building fabric materials properly modelled, the building fabric acted as a storage site 

for moisture. During the non-air-conditioned period, the moisture transported into the 

room by infiltration was stored within the building materials and was released back to 

the room air when air-conditioning was resumed. The significance of the moisture 

adsorption and desorption (MAD) effects of the building fabric can be more clearly seen 

by comparing the predicted indoor air conditions obtained in the preceding simulation 

studies with that from a further simulation in which moisture transfer in the building 

fabric is ignored. 

Although the dehumidification capacity of the cooling coil will vary with the 

room sensible and latent loads, when the air-conditioning system is operating, the 

difference between the predicted indoor air humidities in the two simulations (one with 

and the other without the MAD effect modelled) will be small, when compared with that 

in the non-air-conditioned period. In the latter period, whether the dynamic 

characteristics of the cooling coil are accounted for in the model will have no significant 

impact on the simulation results. The RKMACC model, which is a simpler model, 

therefore was chosen as the basis and was modified into a model with the MAD effects 

ignored. Predictions of the simulation study (Case 1.5), obtained by using the modified 

version of the RKMACC model (referred to as model HTRKM), are as shown in 

Figures 9.8. a to 9.8. c. 

In the absence of the moisture capacity of the building fabric, the indoor 

humidity ratio that could be maintained (Figure 9.8. c. ii) was slightly lower than those 

predicted in the preceding simulation studies (c. f. Figures 9.4. c. ii & 9.6. c. ii). During 
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the non-air-conditioned period, the indoor humidity ratio reached the outdoor level 

about five hours after the air-conditioning system had been shut-down (Figure 

9.8. c. ii). This observation however did not agree with the measured results (see 

Section 9.4) and shows that moisture adsorption and desorption effect of the building 

fabric materials should not be neglected in modelling thermal response of buildings and 

systems when the air-conditioning system is intermittently operated. 

9.2.4 Effects of Using Proportional Control and Equal Percentage Control Valve 

(Case 1.6) 

The simulation studies described in the foregoing sub-sections were based on 

the use of an on/off controller (and a linear control valve) in the air-conditioning 

system. This is a common choice in buildings where fan-coil units (FCUs) with electric 

valve actuators are employed. However, in large buildings where central air-handling 

units (each serving a large zone in the building) and pneumatic control are adopted (in 

which compressed air is used to provide the power for driving the control valve), 

proportional control is a common choice. 

Under on/off control, a coil surface temperature that is low enough to provide 

dehumidification can be maintained when the valve is fully open and this could still 

occur when the room sensible cooling load is low, although, under such a condition, 

the "on-period" will last for a shorter period of time (see also Section 9.2.2.2. b). With 

proportional control, the chilled water flow rate will be regulated according to the room 

temperature and will only be a fraction of the design flow rate as the room sensible load 

is reduced. When there is a large reduction in chilled water flow rate (to less than 30% 

of the design flow rate), dehumidification effect may not be available until the dew 

point temperature of the on-coil air subsequently rises above the coil surface 

temperature. This will occur when there is a reduction in dehumidification effect of the 

cooling coil leading to a rise in humidity in the room air and consequently in the on-coil 

air (see Section 1.3 and Figure 1.3). 
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In order to demonstrate this phenomenon and to contrast the passive humidity 

control performance of air-conditioning systems using proportional control and on/off 

control, a simulation study was carried out (Case 1.6) in which the FCU in the model 

room was assumed to be equiped with a proportional controller and an equal percentage 

valve (notwithstanding that the use of proportional control for FCUs is uncommon in 

Hong Kong). Other than for the control system, this simulation study was based on the 

same set of conditions used before. With this type of control, there would not be rapid 

fluctuations in chilled water flow rate and in indoor air conditions. Hence, the 

RKMACC model was employed which should provide similar results as the DERMAC 

model (confirmed by comparing the results from both models for a short-term 

simulation) but requiring much less computing effort. 

Results of this simulation (Case 1.6) are shown in Figures 9.9. a to 9.9. c. Here, 

the indoor temperature became very steady but the indoor air humidity ratio during the 

air-conditioned period was predicted to be about 0.013 kg/kg (corresponding to a 

relative humidity of 64%) (Figure 9.9. c. ii). This was about 10% higher (approximately 

10% higher in relative humidity) than that when on/off control was adopted (c. f. results 

in Case 1.4. a as shown in Figure 9.5. c. ii). The indoor air humidity ratios reached at the 

end of the shut-down period were similar in both cases. 

From these results, it can be seen that a rise in indoor humidity ratio followed 

the initial drop at the start of the second air-conditioned period during which there was 

no occupant in the room nor a significiant rate of moisture desorption from the building 

fabric (Figure 9.9. c. ii). In this period, moisture adsorption by the building fabric 

following the initial desorption was actually predicted (Figure 9.9. b. ii). This arose 

because untreated outdoor air was drawn into the system and mixed with the return air 

from the room before it was cooled and dehumidified by the cooling coil at the FCU. 

Within the first thirty minutes of the air-conditioned period (8: 30 - 9: 00), the room 

sensible load was low which, coupled with the use of proportional control, led to a low 

chilled water flow rate at the coil. Consequently, the supply air from the FCU actually 
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added moisture into the room air instead of removing moisture from the room. This can 

be avoided in practice by pre-treating the fresh air supply to the room by an independent 

fresh air handling unit which will supply pretreated fresh air to a large number of air- 

handling units and/or fan-coil units in the same building. 

The response of the indoor air to intermittent air-conditioning with pretreated 

fresh air supply and proportional control was studied by computer simulation. 

However, since the assumed initial moisture contents within the building fabric 

components had been found to be inappropriate, this study was repeated in the second 

set of simulation studies and the results are described in section 9.3.3. 

9.2.5 The Cases with No Infiltration (Case 1.7) and Doubled Infiltration Rates (Cases 
1.8. a & b) 

Except in the first half hour, simulation results summarized above indicate that 

the air-conditioning system was capable of removing moisture gains from all sources 

including occupants, infiltration, fresh air intake for ventilation and moisture desorption 

from the building fabric throughout the air-conditioned period. The phenomenon of 

moisture storage within the building fabric, as comfirmed by the previous simulations, 

arose because there was infiltration during the non-air-conditioned periods. To verify 

the significance of infiltration on the moisture storage effect of the building fabric,. 

simulation studies were carried out in which the infiltration rate was suppressed to zero 

(in Case 1.7; results shown in Figures 9.10. a to c) and increased from half air-change 

per hour to one air-change per hour (in Cases 1.8. a & b; results shown in Figures 

9.11. a to c&9.12. a to c). Fresh air supply was assumed to be pretreated (to a 

condition described in section 9.3.3) and proportional control was adopted. 

When infiltration was assumed to be absent, the major source of room latent 

load was that from the occupant. The indoor temperature again rose to the outdoor level 

after the air-conditioning system was shut down (Figure 9.10. c. i). The indoor air 

humidity however stayed almost at a constant level (Figure 9.10. c. ii), much lower than 

in previous cases, and there was very little moisture exchange between the room 
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surfaces and the room air throughout the air-conditioned and shut-down periods 

(Figure 9.10. b. ii). 

With the infiltration rate increased to one air-change per hour, the moisture 

adsorption and desorption effects became more significant (Figure 9.12. b. ii). The rate 

of moisture adsorption, which took place during the shut-down period, was much 

higher, and the indoor air humidity ratio increased to above 0.016 kg/kg at the end of 

the shut-down period (Figure 9.12. c. ii). (This would have approached even higher 

levels, as the moisture contents of the walls and slabs should have been higher than 

those predicted in this simulation, which were based on a set of under-estimated initial 

values). 

9.3 The Second Set of Simulation Studies 

From the results of the first set of simulation studies, more appropriate initial 

moisture contents in the walls and slabs for hot and humid summer days were 
identified. These are summarized below (with assumed values for the first set of 

simulation shown in brackets): 

For the exterior wall (Wall 1), 

External plastering layer. 0.063 m3/m3 (0.07 m3/m3) 

Concrete core: 

Internal plastering layer: 

0.063 m3/m3 (0.06 m3/m3) 

0.058 m3/m3 (0.06 m3/m3) 

For other internal partition walls and the ceiling and floor slabs (Wall 2 to 6), 

External plastering layer. 0.058 m3/m3 (0.06 m3/m3) 

Concrete core: 

Internal plastering layer. 

0.063 m3/m3 (0.06 m3/m3) 

0.058 m3/m3 (0.06 m3/m3) 

Although the change made to the moisture content in the concrete core of the 

walls and slabs was only 5%, there were significant differences in the predicted rate of 

moisture exchange between the building fabric and the indoor air as can be seen in the 
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following. These findings under-line the sensitivity of simulation results obtained to 

initial conditions used. 

9.3.1 The Initialization Run (Case 2.1) 

Based on the above initial moisture content (and other conditions as shown in 

Table 9.1), an initialization run (Case 2.1) was performed to allow a proper distribution 

of conditions across the walls and slabs be attained as starting conditions for further 

simulation studies. In this, a "perfect" air-conditioning system was again assumed but 

the indoor air relative humidity was assumed to be at 0.0118 kg/kg (corresponding to a 

relative humidity of about 60%), which was approximately the indoor condition that the 

air-conditioning system was able to maintain (see Figure 9.5. c. ii). Also, instead of 

continuous air-conditioning (as assumed in the initialization run for the first set of 

simulation studies), the air-conditioning system was intermittently operated so that the 

building fabric will not be pre-conditioned to a moisture content that is lower than the 

attainable level when air-conditioning is intermittent. The initialization run covered the 

period from 0: 00 1/7/80 to 8: 30 4/7/80 and the results are summarized in Figures 9.13 

to 9.15. 

From this set of results, it can be seen that the diurnal moisture content variation 

in the exterior wall (Wall 1) became rather steady (Figure 9.15. b). Although there was 

still a small increase in moisture accumulation in the internal partition walls (e. g. Wall 2 

as shown in Figure 9.15. a), much more steady daily patterns of indoor conditions 

(Figure 9.13. c) and conditions across the walls and slabs (Figure 9.15) were attained in 

the last two days in the simulation. The moisture desorption from the walls and slabs 

(Figure 9.13. b. ii) became much more significant due to their reduced storage capacity 

resulting from the increased internal moisture content. The indoor air humidity ratio 

reached in the shut-down period (Figure 9.13. c. ii) now became slightly higher 

0.015 kg/kg). 
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9.3.2 Intermittent Air-conditioning with On/Off Control (Cases 2.2 & 2.3) 

a) Comparison with Results Obtained in the First Set 

Continuing from the end of the modified initialization run, simulation of the heat 

and moisture transfer in the room was once again carried out taking into account the 

performance of the air-conditioning system. The case with on/off control for the period 

8: 30 on 4/7/80 until 17: 00 7/7/80 was studied by using both the RKMACC (Cases 

2.2. a & b) and DERMAC models (Cases 2.3. a & b). The results are shown in Figures 

9.16 to 9.21. 

In both sets of results, the rates of moisture adsorption by the building fabric 

materials during the shut-down period were similar to those predicted in the first set of 

simulations but moisture desorption from the building fabric was much higher. The 

total room latent load during the pull-down period (from the time the air-conditioning 

system was turned-on to the time the occupant entered the room) was about twice as 

much as compared to the latent load due to infiltration only. The results predicted by the 

DERMAC model (with the coil modelled by the FD dynamic model) (Figures 9.19 & 

9.20) again showed the less effective dehumidification effect of the coil when its 

dynamic response was modelled. The indoor humidity ratio during the air-conditioned 

period as predicted by the RKMACC model (Figure 9.17. c. ii) was about 0.0 108 kg/kg 

(corresponding to 54% in RH) and that by the DERMAC model (Figure 9.20. c. ii) was 

about 0.0118 kg/kg (corresponding to 59% in RH) which are similar to those values 

predicted in the first set of studies. No significant rise in internal moisture content in the 

walls and slabs 'was predicted by the RKMACC model (Figures 9.18. a & b) whereas 

there was a small increase in moisture content in the internal partition walls predicted by 

the DERMAC model (Figures 9.21. b). 

b) Comparison with the Case with Building Moisture Adsorption and Desorption 
Effect Ignored (Case 2.4) 

The indoor air conditions and the room cooling load when moisture adsorption 

and desorption effects of the building fabric materials were ignored were simulated 
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based on the adjusted initial moisture contents in the building' fabric. No significant 

differences between this set of results and earlier results (Section 9.2.3) can be 

observed. 

To show the effects of building fabric moisture adsorption and desorption on 

the room cooling loads, the new set of results had been plotted together with results 

predicted by the RKMACC model (Case 2.2. a) for comparison (Figures 9.22. a to d). It 

can be seen that there were few differences in the predicted indoor air temperature and 

room sensible load (Figures 9.22. a & c) between the two sets of results. However, a 

lower indoor air humidity was maintained by the air-conditioning system during the air- 

conditioned period (Figure 9.22. b). More importantly, this comparison shows that, for 

the case studied, the room latent load predicted, taking into account the moisture 

desorption from the building fabric, was about twice as much, compared with the case 

when such effect is ignored (Figure 9.22. d). 

9.3.3 The Cases with Pretreated Fresh Air (Cases 2.5 & 2.6) 

To show the effects of pre-treating the fresh air supply to the fan-coil unit 

(FCU), simulation studies (Cases 2.5 & 2.6) were performed (using the RKMACC 

model) in which the fresh air was assumed to be pre-treated from the outdoor air 

condition to a constant temperature and humidity ratio of 16.5 °C and 0.012 kg/kg 

respectively, by an independent fresh air handling unit before being supplied to the 

return plenum of the FCU. With this, additional moisture that would be introduced into 

the room by the fresh air supply would be minimal even when the chilled water supply 

to the cooling coil was off. 

a) On/Off Control (Case 2.5) 

Simulation results for the period from 8: 30 4/7/80 to 17: 00 5/7/80, with the air- 

conditioning system controlled by an on/off controller (Case 2.5), are show in Figures 

9.23. a to c. Comparing this set of results against that without pretreated fresh air 

(Figures 9.16. a to c), it can be seen that when the fresh air supply is pre-treated, the 
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air-conditioning system became slightly more effective in dehumidification control as 

evidenced by the lower indoor air humidity ratio (0.01 kg/kg or 50% RH c. f. 0.0108 

kg/kg or 54% RH in Case 2.2 when fresh air was not pre-treated) during the air- 

conditioning period. As a result, the rate of moisture desorption from the walls and 

slabs was slighly higher. The overall effect however was not significant. The apparent 

improvement in stability of indoor temperature (Figures 9.16. a. ii & 9.16. c. i) was due 

to the overlapped interval of data output and the periodic changes due to the use of 

on/off conrol as evidenced by the enlarged time-plot for a shorter interval (Figure 

9.23. c). 

b) Proportional Control (Case 2.6) 

Results of simulations (from 8: 30 4/7/80 to 17: 00 7/7/80) with proportional 

control (Case 2.6) are shown in Figures 9.24. a to c. In this case, as the fresh air was 

pre-treated which therefore would not add moisture into the room, a sudden rise in 

indoor air humidity following the initial drop in the start-up period (Section 9.2.4) was 

absent. With proportional control, the indoor air humidity ratio that the air-conditioning 

system was able to maintain increased to 0.0124 kg/kg (an indoor relative humidity 

(RH) of about 61%) as compared to 0.01 kg/kg (50% RH) in Case 2.5 where on/off 

control was adopted and fresh air was also pre-treated (Figure 9.24. c. ii c. f. Figure 

9.23. c. ii). 

9.3.4 The Case of Air-conditioning Following A Prolonged Shut Down Period (Case 
xM 

The foregoing simulation studies showed how significantly indoor air humidity 

would be affected by moisture adsorption and desorption behaviour of the building 

fabric when the air-conditioning system was operated in the day time and shut-down in 

the evening. Over a weekend, the air-conditioning system of a building would not 

normally be operated throughout the day and hence greater moisture storage within the 

building fabric will occur. Consequently, a larger dehumidification load would be 
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imposed on the air-conditioning system when air-conditioning was resumed on the 

following Monday morning. 

To investigate this case (Case 2.7), a simulation run was performed using the 

DERMAC model. In order that the air-conditioning system model would not be "called- 

upon" during the "normal" air-conditioned hours (so that the case would correspond to 

no air-conditioning), the data of starting and ending time of the air-conditioned period 

in the input data file were set to numerical values that were greater than 24 (hence 

impossible to occur in the simulation). In this study, the simulated time started from 

8: 30 on 5th July, 1980 which corresponded to the end of the first shut-down period in 

Case 2.2. a (described in Section 9.3.2. a). The simulation results at the corresponding 

time obtained in the latter were adopted as the starting conditions for this simulation 

run. The simulated time covered one day and one more evening and was then extended 

to the next air-conditioned period (with the input air-conditioned hours data re-set to the 

normal values) so that pull-down operation after a long shut-down period could be 

studied. Results of this simulation study are shown in Figures 9.25. a to c. 

Without air-conditioning during the day time, the indoor temperature and 

humidity ratio continued to rise (Figure 9.25. c). The indoor temperature followed the 

increasing trend of the outdoor temperature during the day and, due to the thermal 

capacity of the building fabric and the drop in outdoor temperature in the following 

evening, the indoor temperature became higher than the outdoor temperature during the 

evening period. As a consequence, there was heat loss through the window (which had 

a smaller thermal capacity than the walls and slabs, see Figure 9.25. b). Because of the 

continued infiltration of hot and humid outdoor air into the room, the humidity ratio and 

vapour pressure of the room air rose further. Although there were also significant 

increases in vapour pressure at the internal surfaces of the walls and slabs (resulted 

from the increase in their temperatures, Figure 9.25. a & c), these were surpassed by 

the indoor air vapour pressure and hence there was moisture adsorption by the walls 

and slabs from the room air (Figure 9.25. b). The rate of moisture adsorption during the 
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evening was, however, slightly lower than that in the preceding evening (c. f. Figure 

9.19. b. ii). 

When air-conditioning was resumed in the following day, the rate of moisture 

desorption from the walls and slabs was approximately doubled, and the room latent 

cooling load during the first several hours of the air-conditioned period was about 1.5 

times that when only one evening of shut-down period occurred (Figure 9.25. b. ii c. f. 

Figure 9.19. b. ii). The rate of moisture release gradually declined towards the end of the 

air-conditioned period showing that the extra moisture stored within the walls and slabs 

during the prolonged shut-down period could be extracted and removed by the air- 

conditioning system. If the shut-down period was longer (e. g. over a long holiday), it 

might take more than one air-conditioned period to remove the moisture stored inside 

the building fabric. 

9.4 Observations from Results of the Simulation Studies 

The following summarizes the observations made from the simulation study 

results: 

i) The porous building fabric materials can exchange moisture with the 

indoor air and, thus, significantly affect the indoor air condition when 

the air-conditioning system is intermittently operated. 

ii) The moisture adsorption and desorption effects are significant when 

there are sources of moisture, such as infiltration during the shut-down 

period. 

iii) Under part-load conditions, on/off control is more efficient in 

maintaining a low indoor air humidity ratio when compared with 

proportional control. 

iv) To properly model the performance of the air-conditioning system when 

on/off control is adopted, the dynamic response of the cooling and 
dehumidifying coil should be modelled in detail. A steady-state coil 
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model may give optimistic dehumidification performance which could 

not be achieved in reality. 

v) When proportional control is adopted, the fresh air supply should be 

pre-treated to avoid the addition of moisture into the air-conditioned 

space during times when the room sensible load is low (such as during 

the pull-down period at the start of an air-conditioned period when 

internal loads are absent). 

vi) The rate of moisture adsorption and desorption and its effect on the 

indoor air humidity is dependent on the moisture content of the building 

fabric materials. Although the moisture content of the fabric at the 

internal boundary surface can change with the daily cycle of indoor air 

conditions, the total moisture content in the walls and slabs would take a 

long time to settle down to a steady distribution pattern. This adjustment 

period might be in the order of weeks for a change' of a few percent in 

the moisture content of the building fabric. Prior to this, the building 

fabric would continue to act as a sink or source of moisture for the 

indoor air. Therefore, when there is a sudden change in weather 

conditions or a change in the operation of the air-conditioning system 

(e. g. a long shut-down period), this long term moisture storage effect 

can influence the indoor air humidity during subsequent days. 

9.5 Verification of Model Predictions 

The simulation results summarized in the foregoing sections demonstrated that 

the integrated building and system computer models were able to predict the heat and 

moisture transport phenomena in an intermittently air-conditioned room inside a 

building constructed of porous building materials (concrete and cement-sand plastering) 

and subjected to hot and humid weather conditions. The results were, in essence, 

theoretical predictions but some of the leading results were found to comform to 

observations made in buildings of similar constructions and usage conditions. In 
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verifying this, the indoor air conditions in a Hong Kong Polytechnic office room were 

measured, and these measurements were compared with predictions by the computer 

models. This comparison however can only be regarded as an illustration of the 

modelling performance of the computer models rather than a validation of their 

accuracy, because the room was not equiped with adequate and sufficient measuring 

instruments to enable accurate and detailed measurements of the heat and moisture 

transfer at the building fabric and the operating conditions of the air-conditioning 

system. Moreover, because of the limitations in the present version of the models, they 

are not able to account for complicated and varied situations that would exist in real 

buildings. These include the use of various wall, slab and ceiling finishes (e. g. paints, 

wall paper, carpet, ceiling tiles, etc. ), presence of furniture and other hydroscopic 

materials inside a building (e. g. paper, and other fibrous materials), and disturbances to 

the operating conditions of the air-conditioning system (e. g. changes in chilled water 

supply temperature and pressure). 

9.5.1 Conditions of the Measurement 

The period during which measurements were taken in the Hong Kong 

Polytechnic staff office covered the 8th August, 1991 (Thursday) to 12th August, 1991 

(Monday) and included two normal working days; a weekend and the first working day 

after the weekend. Throughout the measurement period, there was no occupant in the 

room. Lighting in the room was turned on at 9: 00 and switched off at 17: 00 in the 

normal working days. On the Saturday (10th August, 1991), it was switched on at 9: 00 

but switched off at 13: 00. The lighting remained off on Sunday (11th August, 1991) 

for the whole day. The air-conditioned hours in these days were: 

On 8-8-91 (Thursday), 

On 9-8-91 (Friday), 

On 10-8-91 (Saturday), 

On 11-8-91 (Sunday), 

from 7: 30 to 17: 00 

form 7: 30 to 19: 00 

from 7: 30 to 13: 00 

no air-conditioning for the whole day 

On 12-8-91 (Monday), from 7: 30 to 19: 00 
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Throughout the measurement period, the thermostat in the room was set to the 

minimum level. There were two reasons for this: 

i) There was no temperature scale for the set-point adjustment and it was 

not possible to set the control differential at the thermostat in the room. 

Due to the slow response of the temperature and humidity recorder (and 

the large sampling interval used), it was not possible to record in detail 

the cyclic variations of the indoor air conditions so as to allow 

determination of these variables in relation to the data obtained. With the 

thermostat set to the minimum level, the chilled water control valve 

would be kept at the fully open position whenever the fan-coil unit was 

switched on (centrally by a timer-switch). Hence, errors due to 

improperly chosen control parameters could be avoided by setting 

correspondingly a low set-point temperature in the air-conditioning 

system model. 

ü) With a lowered indoor temperature, higher rates of heat and moisture 

exchange between the room air and the building fabric would take place. 

This would cause a larger change in indoor conditions which would be 

more easily measurable to a higher accuracy. 

9.5.2 Comparison of Model Predictions with Measured Results 

Although the air-conditioning system was installed with an on/off controller, 

because of the low indoor temperature set-point used, the control valve was at the fully 

opened position for most for the time. Without frequent changes in the chilled water 

flow rate through the coil of the FCU, a steady-state coil model should be adequate for 

modelling its performance and, with this model, less computing time would be required 

when compared with using the finite difference dynamic coil model. Therefore, the 

RKMACC model was applied to simulate the heat and moisture transfer in the room. 

Actual weather data corresponding to the measurement period, obtained from the Royal 

Observatory of Hong Kong (13), were used in the simulation. The indoor air set-point 
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temperature was set at 19 °C in the model (based on observations of the measured 

data). The simulated results are shown in Figures 9.26 & 9.27 and comparison of the 

model predictions against the measured indoor conditions are shown in Figures 9.28. a 

& b. 

The predicted results were similar to those found in the simulation studies 

described in the foregoing sections. However, instead of fluctuating rapidly about the 

set-point, the indoor air temperature predicted was very steady over a large portion of 

the air-conditioned period (Figures 9.26. c. i and 9.27. c. i). This was due to the low 

indoor air set-point temperature used which gave rise to a large room cooling load 

during the day time and accordingly, the control valve remained at the fully open 

position except in the early morning and towards the evening. For the same reason, the 

predicted moisture desorption and adsorption rates at the building fabric surfaces during 

the air-conditioned and non-air-conditioned periods were both higher than those in the 

cases studied previously. 

As can be seen from Figures 9.28 a&b, although the model predictions and the 

measured data are in good agreement in respect of the trend of the variables, there are 

deviations between them. During the air-conditioned periods, the model under- 

estimated the humidity ratio of the room air. During the non-air-conditioned periods, 

the model over-estimated the indoor temperature but gave a reasonable estimate of the 

indoor air humidity ratio (except in the first several hours in this period). The following 

are believed to be the major reasons for the deviations between the model predictions 

and the measured data: 

i) The room was actually carpeted and there was a false ceiling made of 

acoustic tiles and a wooden door. In addition, there were furniture, 

books and paper in the room. These are hydroscopic materials having 

both thermal and moisture capacities and are capable of absorbing and 

desorbing heat and moisture from/to the room air. The effects of these 

however were neglected in the model. 
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ü) There was direct solar radiation transmitted through the window and 

incident upon the surfaces of the building fabric, the furniture and other 

materials in the room. In the model, the total amount of solar radiation 

transmitted through the window was assumed to be diffuse radiation 

(Chapter 4) and would be distributed onto other fabric surfaces 

according to the shape factors for radiant energy exchange amongst gray 

surfaces. 

iii) Air brought into the room due to infiltration was assumed in the model 

to be at a constant rate (0.5 air-change per hour) and at the outdoor air 

conditions. In reality, the infiltration rate was unsteady (not measured) 

and the condition of the air infiltrated into the room was unknown. 

iv) The measurements were taken at one location only but there could be 

considerable variations in the temperature and humidity at different 

locations in the room. In the model, such variations cannot be accounted 

for, as the room air model is a lumped parameter model based on the 

assumption that the room air is perfectly mixed. 

Nevertheless, the comparison provided an illustration that the general pattern of 

variations in the indoor air conditions in the room as predicted by the model was in 

agreement with the measured results. 
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t Chapter Ten 

Conclusions and Recommended Further Work 

In this study, a method was developed for dynamic modelling of the coupled 

heat and moisture transfer in porous fabric materials of buildings, with particular 

reference to typical buildings in Hong Kong (i. e. concrete buildings subjected to humid 

sub-tropical climate and intermittently air-conditioned). The method is in the form of a 

mathematical model and has been developed into a computer simulation program for 

predicting heat and moisture transfer in such buildings. Air-conditioning system 

component models were developed and integrated with the building fabric model. An 

efficient numerical technique (the self-implicit scheme plus the Runge-Kutta-Merson 

method) was employed to solve the set of non-linear differential equations involved. 

The integrated models (the RKMACC and DERMAC models, Chapter 8) were applied 

to investigate how the indoor environmental conditions, particularly the indoor air 

humidity, would be affected when moisture adsorption and desorption at the building 

fabric surfaces were taken into account, together with the influence of the air- 

conditioning system. 

Computer simulation studies were undertaken to reveal the significance of 

building fabric moisture adsorption and desorption effects when the air-conditioning 

system was intermittently operated, when infiltration rate was varied, when on/off or 

proportional control was adopted, when the air-conditioning system was shut-down for 

a long period of time, and when the cooling and dehumidifying coil in the air- 
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conditioning system was modelled by a steady-state and a dynamic model. The studies 

were carried out with reference to a room at the perimeter side of a building which was 

influenced by the outdoor weather. The methodologies developed for studying indoor 

moisture transient variations represent significant improvements to those published in 

the relevant literature and the breadth and depth of the investigations forming this work 

represent substantially new work. 

10.1 Modelling Coupled Heat and Moisture Transfer in Porous 
Building Materials 

Among various methods developed by others for modelling coupled heat and 

moisture transfer through porous materials (Chapter 2), some are too simplistic to 

properly account for the transport phenomena that take place in buildings (e. g. 1,2,6,10); 

some are too complicated for practical applications (e. g. 63,94); and some others are 

restricted in their applications due to the lack of appropriate moisture transport property 

data (e. g. 55.95). 

Because different porous materials will react differently, and the moisture 

sorption behaviour of the same material will also vary with different ranges of 

conditions, there is yet no single theory that is universally applicable to a wide range of 

porous materials under all possible ranges of conditions. Any method devised to model 

coupled heat and moisture transfer in porous materials inevitably will be restricted in 

applications only to a certain range of porous materials and conditions. In this study, 

attention was focused on the heat and moisture transfer in those porous media that 

would stay in the pendular stage under the normal range of weather conditions. This 

should essentially be the case for a material that has a large specific internal pore surface 

(a large amount of pores with extremely small sizes), and when the material is subjected 

to a temperature gradient. Concrete and cement products, which are the most common 

building materials adopted in Hong Kong, are examples of this kind of porous material. 

In the pendular state, moisture transfer inside this kind of material is dominated by 

vapour diffusion but evaporation and condensation of the liquid and vapour phases of 
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water takes place within the capillary pores of the material. In addition, the local liquid 

moisture content affects the rate of moisture transfer. 

To model coupled heat and moisture transfer in such materials, the water vapour 

pressure inside the pores of the material can be regarded as the driving potential for 

moisture transfer, with differential permeability taken as the moisture transport property 

of the material (Chapter 4). The differential permeability of a material varies with its 

liquid moisture content. In addition, vapour diffusion, evaporation and condensation, 

and the effect of temperature on the water vapour pressure and liquid and vapour 

moisture balance in the material must be taken into account in the model. However, 

moisture transfer by filtration flow, driven by a gradient of total gas pressure (i. e. the 

total of the partial pressures of the dry air and the water vapour) within the voids of the 

material, was found to be negligible in the cases of drying of slabs of concrete and 

cement paste over wide ranges of moisture content and temperature (Chapter 3). 

Therefore, this mode of moisture transfer can be neglected. 

A model making such assumptions have been developed (Chapter 4). In 

deriving this model, local thermodynamic equilibrium was assumed to hold and, it was 

assumed that the balance of liquid and vapour moisture content inside localized regions 

of the porous material would obey the (average) sorption isotherm of the material. 

Hysteresis in moisture sorption behaviour was ignored. The coupling between heat 

transfer and moisture transfer, and variations in the thermal conductivity with moisture 

content of the material, were duly accounted for. In addition, an approximate 

expression for evaluating differential permeability was incorporated into the model. 

This expression was derived by relating the adopted moisture flux equation to the 

rigorous moisture flux expression used by Huang (50.51), but with the filtration flow 

component in the latter ignored (Chapter 4). 

The model developed is relatively simple (involving only two partial differential 

equations) but has been shown to be able to provide predictions that were in good 

agreement with the experimental results of drying of a piece of gypsum board (53) 
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(Chapter 4). Predictions of this model have also been compared with those of Huang 

(50), from a more elaborate model, and good agreement between the two set of results 

were found (Chapter 4). When compared with other similar models (e. g. 8,121,24), 

fewer (and more readily available) moisture transport property data of materials are 

required by the model developed in this work (the data required being the sorption 

isotherm and the dry-state void volume fraction). In addition, moisture transfer through 

porous building materials can be modelled with much less computational effort (this 

was further enhanced by the efficient numerical method adopted). This made possible 

the analysis of the complicated effects of building fabric moisture adsorption and 

desorption and intermittent air-conditioning on indoor environmental conditions. 

10.2 Modelling Performance of Air-conditioning Systems 

The performance of an air-handling system, particularly that of the cooling and 

dehumidifying coil in an air-handling equipment, has a dominant effect on the indoor 

humidity that can be maintained in a building. Therefore, detailed performance 

modelling methods for cooling and dehumidifying coils have been studied in this work. 

Two coil models have been developed in this work; the first one is a steady-state model 

based on the log-mean enthalpy difference (LMHD) method (hence called the LMHD 

model - Appendix B), and the second one is a dynamic model based on three coupled 

partial differential equations derived from fundamental principles of heat and mass 

transfer (Chapter 6). In the latter model, the finite difference method was used to solve 

the governing differential equations (hence called the FD model). In addition, a steady- 

state verson of the FD model has also been developed (Chapter 6). The differences 

between modelling the performance of a coil, with and without its dynamic 

characteristics taken into account, have been compared by using these models. 

In both the LMHD and the FD models, McQuiston's (143,144) correlations are 

used to evaluate the fin-side heat and mass transfer coefficients. The effect of contact 

resistance, due to imperfect bonding between the fin collars and the coil tubes, has been 

accounted for in these correlations. However, these correlations are applicable to coils 
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with flat fins only, whereas, coils with corrugated fins are more common in air- 

conditioning applications. When the models are applied to simulate coils with 

corrugated fins, the coefficients evaluated using McQuiston's correlations have to be 

corrected and, in both the LMHD and the FD models, the empirical correlations due to 

Beecher and Fagan (141) are used for this purpose. 

Since Beecher's Fagan's (B&F's) correlations were derived from experiments 

on dry surfaces only (141), whether they can be applied to accurately model a cooling 

and dehumidifying coil was studied by comparing the model predictions against 

performance data of coils with corrugated fins available from manufacturers' catalogues 

(Chapter 7). It was found that B&F's correlations should be applied to correct the 

sensible heat transfer coefficient only, whereas, the latent cooling capacity of the coil 

would be over-estimated if B&Fs correlations were also applied to correct the total heat 

transfer coefficient. With B&Fs correlations applied to sensible heat transfer only, the 

LMHD model and the steady-state version of the FD model have been verified to be 

capable of predicting the steady-state performance of a wide range of cooling and 

dehumidifying coils to an acceptable degree of accuracy, when compared with the 

manufacturers' data (Chapter 7). Dynamic coil performance predicted by the FD 

dynamic coil model has also been found to be in good agreement with experimental data 

available from literature (Chapter 7). 

In modelling the part-load performance of cooling and dehumidifying coils, it 

was found that the numerical model could become unstable when the coil was in 

transition from being partly wet to completely dry (Section 7.2 in Chapter 7). This 

problem was overcome by including a checking procedure in the model which monitors 

the value of the proportionality constant 'C' (which relates the humidity ratio difference 

to the temperature difference between the air and the coil surface air-film, see equation 

B. 66) and, if 'C' is found to be negative, it's value will be set to zero. The means that 

the coil is assumed to be completely dry when such condition arises. By adopting this 

method in the LMHD and the FD models, both models are capable of simulating the 
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part-load performance of cooling and dehumidifying coils when the chilled water flow 

rate is reduced down to a few percent of the design flow rate. 

The finite difference (FD) dynamic coil model (Chapter 6) was developed to 

facilitate studies on how the performance of the coil would be affected by the thermal 

capacities of the coil materials and of the chilled water inside the coil tubes, particularly 

when on/off control was used. The effect on the dehumidification capacity of the coil 

was of particular interest. This effect was shown to be significant by the results of 

simulation studies in that the dehumidification capacity of the coil would be lower, 

leading to a higher indoor air humidity level, when the coil was modelled by the 

dynamic model instead of the steady-state model (Chapter 9). This implies that, when a 

steady-state coil model is used in modelling simultaneously the building and the air- 

conditioning system in which the coil will be subjected to frequent changes in operating 

conditions (e. g. large fluctuations in chilled water flow rate through the coil that happen 

when on/off control is used), optimistic dehumidification performance of the system 

will be predicted which may not be achieved in reality. 

Besides the cooling and dehumidifying coil models, models for other 

components of an air-handling system have been developed and used to investigate the 

influence of an air-conditioning system on the indoor environmental conditions, 

coupled with moisture adsorption and desorption by the building fabric. Component 

models developed include models of controllers with on/off and proportional control 

actions, chilled water control valves with linear and equal percentage flow 

characteristics and a simple piping circuit (Chapter 5). To allow the performance of the 

air-conditioning system to be modelled more realistically, the integrated model has been 

incorporated with the feature that the control valve will change its degree of opening 

according to a pre-set speed which simulates the response of a realistic valve actuator 

designed to avoid water hammer due to sudden opening or closing of valves. When 

on/off control is used, the time ahead when a reversal of valve-plug position (from fully 

open to the closed position or vice versa) will be predicted and a time delay is included 
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when a valve-plug position reversal is called for. This models the delay in response of 

the valve actuation mechanism due to the existence of "slack". 

10.3 The Numerical Method 

The numerical method adopted for solving the governing equations of the 

building fabric component models and the air-conditioning system component models 

was based on the self-implicit scheme and the Runge-Kutta-Merson (RKM) method 

(Chapter 4& Appendix A). This method is efficient and accurate and is particularly 

suitable for solving a large set of "stiff' differential equations, such as that associated 

with the integrated building and system model (Chapter 8). The method was first 

applied to solve a simple, single dependent variable ordinary differential equation 

(Appendix A), and shown to give accurate results when compared with the analytical 

solution with negligible steady error and, when the integration progressed towards 

steady state, was able to allow large time-steps be used without significant loss of 

accuracy. The accuracy of the numerical method, when applied to solve a partial 

differential equation (partially discretized into a set of ordinary differential equations), 

had also been verified (Appendix A) by comparing the numerical solution with an 

analytical solution available from literature and excellent agreement between the two 

was found. 

In the early stage of this work, an integrated model comprising a building model 

based on Huang's equations (50) (Chapter 3) and simple steady-state air-conditioning 

system component models was developed. In that model, the conventional successive 

back substitution method (with under-relaxation) was used to numerically solve the 

model equations involved. The computing time required in simulation studies (with a 

486 PC) using that model was greater than the simulated time (52) (see Appendix D. 1). 

By using the differential permeability model and the more efficient numerical scheme, 

the ratio between the program execution time and the simulated time (adopting the 

steady-state coil model, run on a 486 PC) was significantly reduced to about 1: 3 for the 

air-conditioned period when on/off control was used, and about 1: 15 for the shut-down 
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period (the average ratio was about 1: 6-8). When proportional control was used, the 

ratio of 1: 13-15 could be maintained in both periods. 

When the dynamic coil model was used (in conjunction with the differential 

permeability building model and with the self-implicit scheme and the RKM method), it 

was found that, due to the small time-steps that need to be used (0.8 second at 

maximum), the required program execution time was about 2.5 times the simulation 

time. The computational efficiency of the model was significantly improved by 

incorporating a staggered time arrangement (to become the DERMAC model, see 

Chapter 8). With this, the program execution time was reduced to about the same as the 

simulated time, when run on a 486 PC. When implemented in a VAX 6420 computer, 

only about two hours of CPU time was required to complete a simulation for one day in 

the modelled room. 

10.4 The Integrated Building and System Model and Simulation Results 

Simulation studies performed by applying the integrated model to simulate the 

heat and moisture transfer in a typical perimeter room in a building subjected to hot and 

humid weather conditions showed that the porous building fabric could exchange 

moisture with the room air and act as a moisture storage site. The effect of this on the 

indoor air condition was found to be significant when the air-conditioning system was 

intermittently operated and when there were sources of moisture (such as infiltration) 

during the shut-down period. 

The ability of the building fabric to adsorb moisture from the room air during 

the shut-down period can provide a "passive" control on the indoor humidity in that the 

indoor air can be maintained at a humidity level that is much lower than the outdoor 

level. However, the adsorbed moisture will be released back to the room air when air- 

conditioning is resumed and will thus impose an "extra" latent load to the air- 

conditioning system. In the simulation studies performed, it was found that, during the 

start-up phase of the air-conditioned period, this "extra" latent load could be as large as 
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the total latent load from other sources (including infiltration and occupants). If the 

shut-down period was longer (i. e. more than one evening), the amount of moisture 

stored within the building fabric could influence the indoor humidity level for several 

subsequent days. 

In the simulation studies, it was found that, for a constant air volume system 

operating under part-load conditions, on/off control was more effective in maintaining a 

low indoor air humidity, when compared with proportional control. To properly model 

the performance of the air-conditioning system when on/off control is adopted, the 

dynamic response of the cooling and dehumidifying coil should be modelled in detail. 

When proportional control was adopted, the fresh air supply should be pre-treated to 

avoid the addition of moisture into the air-conditioned space at times when the room 

sensible load was low (such as during the pull-down period at the start of the air- 

conditioned period where internal loads were absent). 

The rate of moisture adsorption and desorption and the effect on the indoor air 

humidity were found to be dependent not only on the moisture content at the surface 

layer of the building fabric, but also on its distribution across the walls and slabs. 

Although the moisture content of the fabric at the internal boundary surface could 

change following the daily cyclic pattern of indoor air conditions, the moisture content 

distributions across the walls and slabs would take a much longer time to settle down to 

a steady daily cyclic pattern. This adjustment period could be in the order of weeks for 

a small change in the average moisture content of the building fabric materials (Chapter 

9). Before the steady daily moisture content variation pattern was attained, the building 

fabric would continue to act as a sink or source of moisture for the indoor air. 

Therefore, when there was a change in weather conditions (e. g. from a cool and dry 

condition to a warm and humid condition) or a change in the operation of the air- 

conditioning system (e. g. a long shut-down period), this long-term moisture storage 

effect would influence the indoor air humidity balance in subsequent days. 
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This result shows that the more recently proposed effective moisture penetation 

depth (EMPD) theory (116) will only be applicable for predicting building fabric 

moisture adsorption and desorption effects for a short duration within a long period of 

steady diurnal pattern of outdoor weather conditions, and steady indoor heat and 

moisture source patterns. When there are changes in either one of these, the EMPD 

itself will vary and its use can lead to erroneous results. The effort required to obtain 

the necessary range of EMPD's, sufficient to cover different possible weather changes, 

will be significant and therefore unlikely to be worthwhile in practice. The same applies 

to other methods using similar approaches (e. g. Tsuchiya's method (9)). 

The integrated building and system model was applied to simulate the heat and 

moisture transfer in an office room in the Hong Kong Polytechnic, based on the 

weather data of August, 1991. During that period, the indoor air temperature and 

relative humidity of the office room were measured. The simulated indoor air 

temperature and humidity ratio and the measured data were found to follow similar 

variation patterns over the air-conditioned and non-air-conditioned periods, but the 

accuracy of the predictions was not high. The deviations were due to the differences 

between the model conditions (no furniture, different wall, floor and ceiling finishes, 

etc. ) and the real situation. At present, the required modelling capability to include 

effects of these is absent from the model. Nonetheless, this comparison showed that the 

model was capable of predicting the transient variations in indoor environmental 

conditions that were similar to actual conditions. 

Moisture desorption from the fabric materials and other hygroscopic materials 

inside buildings and poor part-load dehumidification performance of air-conditioning 

systems were thought to be the causes for complaints about discomfort conditions in 

certain buildings in Hong Kong (Chapter 1). Support to this conjecture is now 

provided by the simulation study results obtained and this underlines the need for 

further research in this subject area. 
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10.5 Applications of the Models 

The primary objective of this research was to develop the required 

methodologies for the development of a simulation program that can model in detail the 

heat and moisture transport phenomena in buildings in hot and humid climate regions. 

This has been achieved by virtue of the methods developed for modelling the building 

fabric, the air-conditioning system components, and the method for integrating these 

component models into a simultaneous building and system model, which form a good 

foundation for the development of such a simulation tool. The integrated building and 

system model developed still needs further improvements (see Section 10.6 below) 

before it can accurately predict the thermal and moisture performance of buildings and 

systems, taking into account 'the effects of building finishes, furniture and other 

materials inside buildings, and different designs and controls of air-conditioning 

systems. Nevertherless, the development of such additional modelling capabilities has 

to start with a basic model for the building fabric and the air-conditioning components 

and this model can be applied in this development work. 

Despite the restrictions it has, the integrated model, in its present form, may be 

used to model indoor air humidity transients in buildings without large quantity of 

hygroscopic materials other than the building fabric (as in the simulation studies 

performed). With slight modifications to the air-conditioning system component 

models, it can also be applied to compare the passive humidity control performance of a 

wider spectrum of air-conditioning system designs (e. g. variable air volume systems, 

systems with coil face by-pass control, etc. ) and to study the effects of varying chilled 

water supply temperature from the central chiller plant. Besides, the air-conditioning 

system component models, particularly the cooling and dehumidifying coil models, can 

be independently applied to study the performance of such components in an air- 

conditioning system, e. g. the part-load performance of a coil. 

When the necessary improvements have been made, the resultant model will 

facilitate designers of buildings and air-conditioning system to assess the thermal and 
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moisture performance of the buildings and the systems leading to better designs. The 

types of building premises that require particular attention include: 

i) buildings that are situated nearby the harbour which are therefore 

subjected to a more humid ambient environment and higher wind 

pressure than buildings further away from the harbour and are sheltered 

from strong wind by nearby buildings; 

ii) buildings that have a high rate of infiltration which may be due to 

improper sealing at the building envelopes or having open entrances; 

iii) offices with electronic equipments that are sensitive to humidity but are 

intermittently air-conditioned (if continuous air-conditioning is 

provided, as in large computer rooms, there should not be a serious 

moisture problem); 

iv) residential buildings which have more internal moisture souces (e. g. 

from the kitchens, laundries, bathrooms and toilets, etc. ), are air- 

conditioned less regularly and for shorter time compared with 

commercial buildings and, while not air-conditioned, are mechanically 

or naturally ventilated with outdoor air. 

10.6 Recommended Further Work 

The moisture adsorption and desorption effect of building walls and slabs has 

been studied in this work together with the influence of certain air-conditioning system 

components. The effects of furniture, various finishing materials (e. g. carpet, false 

ceiling, wall paper, wall paints, etc. ) and other general objects and furniture that may 

exist within buildings (e. g. fibrous materials, books, paper, etc. ) have not been studied 

for the following reasons: 

i) Attention was focused on porous fabric materials that have large amount 

of internal pores with extremely small sizes (e. g. cement products) and 

would stay in the pendular state. The heat and moisture transfer model 
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developed is restricted to this kind of materials. However, common 

furniture and wall, ceiling and floor finishes are made of materials that 

do not fall in this catalogory. Hence, a different approach will have to be 

taken to model the moisture sorption behaviour of such materials. 

ii) Because of the irregular geometries of the furniture and the other objects 

in the room, a detailed treatment, similar to that for the building fabric, 

will be highly complicated. 

iii) Moisture transport property data for modelling the effects of these 

objects and materials are at present very limited and more work on 

determination of moisture transport property of materals is required (e. g. 

176). Hence, the study has to be backed-up by experimental work. 

However, considering the amount of time required to carry out 

experiments with the large variety of materials involved, these work 

were excluded from the scope of this study. 

To model the moisture sorption behaviour of furniture, a lumped-parameter approach 

(e. g. the effective moisture penetration depth theory 0 16)) would be a convenient 

choice, though, as pointed out earlier, such methods may have problems when the 

materials are subjected to large changes of ambient conditions. This has to be verified 

by experimental work. The effects of surface finishes may also be model using a 

lumped parameter model and this is expected to be a good choice as the thickness of 

finishes is small, compared with the building fabric components. Nevertheless, 

experimentally measured moisture property data are needed. 

Although not included in this study, the moisture sorption behaviour of 

furniture, finishes and other hygroscopic materials inside buildings may have 

significant impact on the indoor environmental conditions and hence research into this 

area is highly important. 
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From the simulation studies, it was found that the rate of infiltration had a 

dominant effect on the rate of moisture desorption and adsorption by the building fabric 

during air-conditioned and non-air-conditioned periods. To accurately predict the rate of 

infiltration into a particular room in a modern high rise building is complex as the 

infiltration air will normally pass through a large number of paths (e. g. through 

window cracks, door gaps, from outdoor direct or through a series of air-conditioned 

and non-air-conditioned spaces like staircases, lift-shafts, corridors, other rooms etc. ). 

This is further complicated due to the variability of wind pressure, stack effect and 

pressure differences between adjacent rooms. Methods for accurate estimation of 

infiltration rates (e"g. 164) and the state of the infiltrated air into rooms therefore is highly 

important, and requires attention. 

The prototype model developed needs to be extended to a multi-zone model for 

analysing realistic situations in buildings. It needs to be equipped with a larger variety 

of material property data, and incorporate models for furnitures and other general 

materials inside a building. Also, models for other air-conditioning system components 

(e. g. chillers, pumps, hydraulic curcuits having many branches, etc. ) should be 

developed so that the performance of the entire central air-conditioning plant can be 

modelled. 

Finally, facilities should also be developed to provide data for the validation of 

the various component models and the overall accuracy of prediction of the integrated 

model. However, research into methods for validating computer programs for building 

energy and plant performance, whilst being actively pursued (e. g. 165), requires much 

attention. 
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Table 3.1 Expressions for Evaluation of Coefficients in Huang's Equations 

Coef. i=1 (Moisture Equation) i=2 (Air Equation) i=3 (Energy Equation) 
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Table 3.2 The Finite Differencing Scheme Applied to Huang's Equations 

For a function f(x, t), let 

f" = f (x, t) ;f i+1 = f (x, t+ At) ; Of = fn+t _ fn 

f° = f(x+Ax, t) f +l = f(x+Ax, t+At) ; Af = f+l_f° 

f" = f (x - Ox, t) ;f +l = f (x - Ax, t+ ist) ; Of = fn+t- f° 

The temporal and spatial derivatives of the function f(x, t), using the backward in time, 

I central in space differencing scheme, can be expressed as: 
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Table 3.3 Expressioins for Coefficients in Finite Difference Equations 

A) For Interior Nodes (for i=1.2 and 3): 
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B) For Boundary Nodes (for i=1.2 and 3): 
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C) For Interface Nodes (for i=1.2 and 31: 
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Table 3.4 Reference Conditions of the Simulation Studies on Drying of a Slab of 
Concrete and Cement Paste (50,51) 

Type of constants Sym. Unit Concrete Cement 

Physical constants 
Universal gas constant R J/mol K 8.3149 

Stefan-Boltzmann constant ß W/m2K4 5.676 x 10-8 

Specific heat of air Cpa J/k K 1.006 x 103 

Specific heat of solid Cpg J/k K 0.879 x 103 

Specific heat of water vapour Cps, J/kg K 1.865 x 103 

Specific heat of liquid water Cpl J/k K 4.179 x 103 

Diffusivity of water vapour in air D m2/s 0.256 x 10-4 

Physical properties 
Emissivity of solid surfaces £ 0.8 

Thermal conductivity of gas k W/mK 0.02613 

Thermal conductivity of solid W/mK 1.4422 

Thermal conductivity of liquid k1 W/mK 0.616 

Molecular weight of air M k mol 28.952 x 10-3 

Molecular weight of water MW k mol 18.016 x 10-3 

Dry porosity Co 0.3 0.43 
Viscosity of gas µ kg/ms 1.83 x 10-5 

Permeability of gas when dry 1C° m2 2.5 x 10-14 

Latent heat of vapouration hf J/k 2.4418 x 106 

Density of solid (dry) p k /m3 2.6 x 103 2.2 x 103 

Density of liquid water PW k m3 0.9971 x 103 

Geometric constants 
Thickness of slab L m 0.1 0.01 

Height of slab H m 2.0 0.1839 

Empirical constants 
Clausius-Cla e ron e n. const. a ms2/k 1.2097 x 10"12 

Exponent in Kin e 's equation n 0.25 

Surface tension at ref. temp. ßo kg/s2 121.2 x 10-3 

Temperature coefficient of ßo k s2K 0.167 x 10-3 
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Table 3.4 (Cont'd) 

Type of constants sym. Unit Concrete Cement 

Initial conditions 
Atmoshperic pressure Patm Pa 1.01325 x 105 
Initial moisture content m; n; m3/m3 0.096 0.17 
Initial temperature T; nl K 294.8 294.8 

Boundary conditions 
LHS ambient air mole fraction 01 mol/mol 0.0134 0.003548 

RHS ambient air mole fraction 02 mol/mol 0.003548 0.003548 
LHS ambient air temperature T, K 303.0 298.5 
RHS ambient air temperature T2 K 294.0 298.5 
LHS enclosure temperature Tel K 304.0 298.5 
RHS enclosure temperature Te2 K 293.0 298.5 
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Table 4.1 Coefficients of the Differential Permeability Wall/Slab Heat and 
Moisture Transfer Model -1 

Coefficients Interior Nodes Boundary Nodes Interface Nodes 
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Table 4.2 Coefficients of the Differential Permeability Wall/Slab Heat and 
Moisture Transfer Model -2 

Coefficients Interior Nodes 

Ail l 
- %LOt [ cl I-c . ýJl] 

0x2 2Ax 

Ai21 
+ Mt all 

Ax 2 

Ai31 
-XAt [-+--] 

Ax 2Ax 

Bil PV+ -2p v° + Pw PV+ - P, DT 
cll 2 +c12 

2Ax -a12Tt 

Ai12 
-tc-c [ 

AX 2ý 

A. 22 Ot 
2c2l 

+i 1, a22 
0x 

Ai32 
XAt ý c122 

AX 2Ax 

Bi2 T+ - 2T" + T_" a, PýY 
C21 2+ c22 _ a22 - dt Ax 2 Ax 

Coefficients Boundary Nodes (i=1) Boundary Nodes (i=N) 

Ai 11 - 
- 

%I Ot 
AX 

AM 
all+Xt all+Mt AX AX 

Ai31 
- XAt E12 - 

AX 

Bi1 P- Pv1 aT 
C12 + dl -a12 t 

PvN 1- Pvlyn aT 
c12 + dl - a12 AX 
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Table 4.2 Coefficients of the Differential Permeability Wall/Slab Heat and 
Moisture Transfer Model -2 (Cont'd) 

Coefficients Boundary Nodes (i=1) Boundary Nodes (i=N) 

Ai12 

OX 

Ai22 
a22 +t a22+t 

AX AX 

Ai32 
- Ä11t - 

OX 

Bi2 aP 
+ d2 - a22 - C22 y 

TN 1- TN" aPý 
c22 + d2 - a22 -7t AX t AX 

Coefficients Interface Nodes 

Ail, 9- 

Ax- 

Ai21 
a1i +%Iýt 

µ 
-) 

Ax- Ix+ 

Ai31 

- 
ýt h 

AX+ 

Bil aT 
-µ- Ax- 

+µ+ -a12ý AX+ 

Ai 12 
kB 

- 
mt - 

Ax- 

Ai22 kB 
a22 + ? At (_ + 

kam) 

Ax- ý+ 

Ai32 

- 
Mt 

kB+ 

AX+ 

Bi2 aP 
- kB + kB - a21 -ät + - Ax. 
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Table 4.3 Reference Conditions of Thomas and Burch's Experiment on Drying 

of a Slab of Gypsum Board (53) 

Type of constants Symbol Unit Gypsum Board 

Thickness L m 0.0132 

Diameter of slab D m 0.18 

Density p k /m3 670 

Specific heat Cp J/kg K 1.0894 x 103 

Thermal conductivity k W/m K 0.1593 

Initial moisture content mini m3/m3 0.005293 

Surface mass transfer 

coefficient 
hmýc 

Mv) 
RT 

kg/m2 Pa s 3.2 x 10.8 

Ambient air temperature Tamb K 297.0 

Initial ambient air rel. humidity RHini % 74 

New ambient air rel. humidity RHamb % 26 
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Table 6.1 Coefficients in Governing Equations for a Dry Coil 

i j A', jl A'; j2 A'ij3 

1 1 "- - - 

2 - 1+XL (Q + Ntu, y )At 2Xu, r At 
L04 

3 - 1 (Cc Ntu, +C) At 

4 1+X( Ntu, + 
1) At 

2 to 
-i N 

1 
-xU. 

At 1+ý, L (_+Ntu) At 
e 

LA 

2 - 1+L (Q1 +Ntu,, ) At 
- 

ý, u", At 
L04 

3 - 1+A. (C Ntu, + C) At 

4 1+A. (C Ntu, + 
PC' L) At Ct Ce R c c 

N 1 2 A. ue At 1+A. U. (2 + Ntu, ) At - 
LA4 

2 - - - 

3 1+A(C Ntu, +C ) At 
cR , , 

4 1+A. Q51 Ntu, + 
t) At - 
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Table 6.1 Coefficients in Governing Equations for a Dry Coil (Cont'd) 

i j B', j or C'; j D'; j or E'; j F'; j 
1 1 - - - 

2 - E, jý - 
ý, u,, 

Ltuw 
At L {e (T, - Tw2) + 

Ntuw, (Tw, 
A- 

TtA, ) ) 

3 - E, ij -XPMLAt 
nn C Ntua(Tc, -Ta, )- Cc Rct " PL"n 

C R 
c ,, 

4 C'; j=XNtuwOt C _? 
Pt LAt 

Dij -C Ntuw(TT, -T 
1)- 

t CtRt PL 

2 to 
N-1 

1 
D, jý = 

ua 
Ltua 

At 
L (T - Tý ,)+ 

Ntua (Tn, - 7: 1)) 

2 - E'j1 _ 
u.,, 

LtU 
At L {e r- TWj) - 4 

Ntuw (TWi - Ton)) 

3 B'" -XC Ntu At ,ý=C a 
XP LAt E'jj = ct 

C" 
C NtUa (Tcý - Tv) - 

c Cc Rt c 

C R 
c ct 

4 C'ij =XC NtuW At Dýýj _ 
Pit L At G Ntuw (Tý 
Ct ý 

(T6n - T) 

N 1 - Dý =X 
ua Ntua At 

j' -L 
1 {2 (Tai,, - Tom-, ) + LA 

Ntua (T", 7: 0) 
2 - - - 
3 B'" =% Ntu Ot ýý C a _ 

ý, Pc, L At 
E tj 

Ntu("T _ T") _ a c1v aN C c Cc Rct 
A 

PL 
CI'cN C 

4 - ý, PL At 
D' i 

nA Cw 
G Ntuv (Tý, -T N) - ,ýi 

Pct Lna 
gRct(T'-TN) 
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Table 6.2 Coefficients in Governing Equations for a Wet Coil 

i j A, p A; j2 Aij3 

1 0 - - - 

1 - - - 

2 - 1+Le+ Ntu, V) At 2Xur At 

L0 

3 - 1+ý rC- L 
NtuP L 

`c+ C) At - 
c 

4 - 1+X( Ntuv+C ) At 

2to 
N-1 

0 X U. At 
- 

1+u1 +Ntu 8) At L At Lem 
LAý 

1 ?, u, 1t 
Y 

1+X (- + 
Ntu )At 

m LA 

2 - 1+L (Q/ + Ntuw) At Xur At 
LA4 

3 - , ý_ +71, (C At _P Le +C 
c m , c 

4 - 1 +X( 
Cý NtuW +C 

") At 

N 0 2X uaAt 1+a, L(e + 
Ntu )At 

0L 

1 2Xu, Ot 1+ý, L(Q + 
Ntu )At 
Le. 

L0 

2 - - - 
3 - 1+. (CNtu, ss R At Lem +C 

c cc 
4 1+ý, ( Ntuw+ ) At 
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Table 6.2 Coefficients in Governing Equations for a Wet Coil (Cont'd) 

i j B; j Cii D; j 

1 4 - Xw Ntu, v At Pa L At 

2 to 1 - - u, Ntu. At N-1 L Lem 

3 Ntu. At Cc Lem 

CC Ntuw, At 
t 

XP At Cý R't 

N 1 - - u° Ntu, At L Lem 

3 Ntu, At 7 , C, Lei, 

4 At 1 C 

Table 6.2 Coefficients in Governing Equations for a Wet Coil (Cont'd) 

i j Ej G; j H; j 

1 2 L Ntu, v At - - 

3 71, Pct L At C - 71, Cc 
Cp Lem hfg At 

2 to 
N-1 

0 - u, Ntu,, 0t L Lem 

2 XL Ntuw, At 

3 Pct L At -xC 
Ntue h At f At C NtUe hf C, Rct C. Cp Lem t t Cc CP, Lem 

N 0 - ua Ntu. Qt 
L Lem 

- 

3 x Pct L 
At Cc +ýct -XC 

Ntu hfg et Cc CPa Lem ?C Ntue hfg At Cc Cpa Lem 
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Table 6.2 Coefficients in Governing Equations for a Wet Coil (Cont'd) 

i j F'iJ 

1 0 - 
1 - 
2 

-L{ (TWl - TWZ) +' It W (TWl - Ttl)} 

3 Ntu naýC Ntu, PL /ann 
-ca 

c Lem (T 
ý" 

Tai) " CCýRct (icl - Tl) " Cc 
Cpa Lern 

hfg w°') 
t 

4 
-CýNtU (Ti-T: 1)- 

L(T, 
-Ti) 

2 to 
N-1 

0 NtU na 
-L{e (w -w 1) +L (wý - w1) } 

1 
L{1 (Ta T 1) +N (Tý - Tci) } 

0m 

2 
L{0 (i+l " TWi) - Ntuw (T i- Ta) } 

3 PLnnC Ntu, /nn 
- 

Cc Lem 
(Tý CC c 

(T4 - iT i-Cc Cp Le 
hfg 

(wwi - wei) 

4 
- 

Clý NtU (Tä-T: 1)- t(Tn-T, 
) 

N 0 L{e (wem -W 
aN- 9, )+L 

em em _w 
a 
wN) 

} 

em 

2 - 
3 

Cc Le (TN " T; ) "C (T 
N "TIN) " 

Cc 
CP 

tLem 
ilfg 

`wwN 
waN) 

4 cw Ntuw (Tý, - Tw10 N 
)- Pct L (TW T N) 
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Table 6.3 Coefficients in the Fin and Tube Core Equations for a Dry Coil 

i j J'ij K'ij L'ij 

1 3 - C'14 
E'13 A'142 F'13 + 

F'14 
13 A'142 

A'132 - 
E'13 D'14 

A'142 A'132 " 
E'13 D'14 

A'142 

4 - 
C'14 
D'14E'13 

ý 
F 14+D, 14A'132 

A 1a2 A'132 
Ei' 142 " 

D', 4 E' 13 
' A 132 

2 to 3 B'i3 
' 

E'13 Cý4 

' 
E'tF' 

F'i3 +ý14 ' N-1 
i3 D i4ý 

-E (A' ' 
A 142 

' ' 
A i42 
' ' i32 A i42 i3 D i4 E 

(A'132 - A' i42 
i3 D E i4 (A 132 - A' i42 

) 

4 D'i4 B'j3 
' 

C'i4 F, 
D'i4 F'13 

i4+ , A 1 24 
E'. (A'i42 - 

DA'1.2 
D'14 

E'33 

(A i42 " A' i32 
(A 142 " A'132 ) 

N 3 B'N3 
F, 

E'N3 F'N4 

' ' + N3 A N4 ,E N3 D N42 (A N32 - A' N42 E' N3 D' N4 ' ) (A N32 ' A' N42 

4 D'N4 B'N3 
' 

F+N4 
D'N4 F'N3 

' A N32 A N32 
D' N4 (A" N42 - 

N4 
A N32 

D'N4 E'N3 
(A' N42 -ý A 'N32 

Note: Expressions for coefficients A', B', ... ,F are shown in Table 6.1 
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Table 6.4 Coefficients in the Fin and Tube Core Equations for a Wet Coil 

i j Iii Jij 

1 3 - - 
4 - - 

2 to 
N-1 

3 H" 
E. D14 w ýAi32 

- Äý- - Gi3 ý 
B; 

ýA132 
- 

Äý3 14 - Gi3 ý 

4 D"4 H Di4 Bi3 3 
(Ai32 

- Gi3 aTci 
ý (A132 

- GO T) 
DE 

Ai42 -w 
Di4 E; 3 Ai42 - i) w ýAi32 

- Gi3N (Ai32 
- Gi3N 

N 3 HN3 BN3 

- 
EN3 DN4 

: 
wsON AN32 AN42 - GN3 

aTcN 
EN3 DN4 

- 
dW 

ON AN32 - AN42 
GN3 

TcN 

4 DN4 HN3 DN4 B 
i)wsoNN (AN32 

- GN3 w (AN32 
- GN3 

DN4 EN3 
AN42 " w 

DN4 ENa 
AN42 - cýVy r (AN32 

- GN3 (AN32 
- GN3 

Note: Expressions for coefficients A, B, ... ,H are shown in Table 6.2 
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Table 6.4 Coefficients in the Fin and Tube Core Equations for a Wet Coil (Cont'd) 

i J Kii 

1 3 E13C14 
A142 F13+E13F14 A142 

E13 D14 
- 

; W501 
A 132 - A142 G13 ýTcj 

E13 D14 
A 132 - A142 G13 - 

VTZCI 

4 C14 
D4E3 A142" 

w 

D14 F13 
F14+- 

W (A132'G13 ý 
ýA132-G13 

, D E 14 A142 - w dw (A132 
" G13 13 

) 

2 to 
N-1 

3 E" C" 4 ELF 
F13 + .. A'ý14 

(A132 
- 

ÄE D. i)w 4- GO \ ýAiE 3 D4 
- G" w oiý 32 " Ai42 13 aT1 " 

4 Ci4 
DR E. Fi4 Di4 Fj3 

'i' dW Ai42 - w 
Ai32 " Gi3ý 

ý _soý 
(Ai32 

- GO 
dT 

"' cL 
DE 

ci 13 A142' 
W Ai32 - GO DT 

ci 

N 3 - EN3 FN4 
FN3 + 

AN32 W 
N32 - AN42 N3 C'TCN 

4 - FN4 '+ 'W 
D 

(AN32 
- GN3 

CN _ 
AN42 - 

DN4 E 

W (AN32 
' GN3 aTcN 'I 

Note: Expressions for coefficients A, B, ... ,H are shown in Table 6.2 
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Table 7.1 Summary of Manufacturer's Data of Coils Tested 

Cases* 
CBOT CB02 CB03 CB04 CB05 CB06 CB07 CB08 (Units) Parameters 

Aa 0.1 0.1 0.1 0.58 0.58 0.58 0.58 0.58 (m2) 
Wa 0.49 0.49 0.49 0.8 0.8 0.8 0.8 0.8 (m) 
Nr 3 3 3 3 3 3 3 3 - 
Ntpr 8 8 8 16 16 16 16 16 
Cn 0.25 0.25 0.25 0.17 0.17 0.17 0.17 0.17 - 
Config. Triangular tube arrays - 
Pd 0.0012 0.0012 0.0012 0.001 0.001 0.001 0.001 0.001 (m) 
Np 4 4 4 4.6 4.6 4.6 4.6 4.6 - 
Do 0.0099 0.0099 0.0099 0.0129 0.0129 0.0129 0.0129 0.0129 (m) 
D; 0.008 0.008 0.008 0.011 0.011 0.011 0.011 0.011 (m) 
DX 0.0095 0.0095 0.0095 0.0127 0.0127 0.0127 0.0127 0.0127 (m) 
xa 0.025 0.025 0.025 0.0316 0.0316 0.0316 0.0316 0.0316 (m) 

xb 0.02 0.02 0.02 0.0275 0.0275 0.0275 0.0275 0.0275 (m) 

s 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 (m) 

y 0.0002 0.0002 0.0002 0.0001 0.0001 0.0001 0.0001 0.0001 (m) 
kf 0.1731 0.1731 0.1731 0.1731 0.1731 0.1731 0.1731 0.1731 (W/mK) 
Fs 18.489 18.489 18.489 25.18 25.18 25.18 25.18 25.18 - 
A° 5.5468 5.5468 5.5468 43.813 43.813 43.813 43.813 43.813 (m2) 
(A0/Ai) 18.392 18.392 18.392 23.025 23.025 23.025 23.025 23.025 - 
(Af/A°) 0.939 0.939 0.939 0.9517 0.9517 0.9517 0.9517 0.9517 - 
a 0.5486 0.5486 0.5486 0.5614 0.5614 0.5614 0.5614 0.5614 - 
Dh 0.0024 0.0024 0.0024 0.0025 0.0025 0.0025 0.0025 0.0025 (m) 
(A°/At) 14.877 14.877 14.877 19.634 19.634 19.634 9.634 19.634 - 
(A0/Ax) 15.439 15.439 15.439 19.943 19.943 19.943 19.943 19.943 - 
Twe 7 7 7 7 7 7 9 7 (°C) 
MW 0.13 0.13 0.13 0.67 0.67 1.83 0.67 0.67 (kg/s) 
Tae 24 27 30 27 27 27 27 25 (°C) 
TWbe 17 19.5 22 19.5 19.5 19.5 19.5 17 (°C) 
Ma 0.23 0.23 0.23 1.2 2 1.2 1.2 1.2 (kg/s) 
QS 2.533 2.962 3.085 12.57 17.23 15.01 11.52 12.22 (kW) 
QI 0.078 0.302 0.83 4.31 4.88 8.62 2.68 1.28 (kW) 
Qt 2.611 3.264 3.915 16.88 22.11 23.63 14.2 13.5 (kW) 

* Data of Cases CBOI-CBO3 are pertaining to Fan-coil Unit Model 42CMA, Unit 004 of Carver Corporation, USA. 

Data of Cases CB04-CB08 are pertaining to Air-handling Unit Model 40HW, Unit 008 of Carrier Corporation, USA. 
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Table 7.1 Summary of Manufacturer's Data of Coils Tested (Cont'd) 

Cases* 
CA01 CA02 CA03 CA04 CA05 CA06 CA07 CA08 CA09 (Units) Parameters 

Aa 0.44 0.44 0.44 0.44 0.44 0.44 0.87 0.87 0.87 (m2) 
Wa 0.86 0.86 0.86 0.86 0.86 0.86 1.36 1.36 1.36 (m) 
Nr 4 4 4 4 6 6 4 4 4 - 
Ntpr 16 16 16 16 16 16 20 20 20 - 
Cn 0.5 1 0.5 1 0.5 1 0.5 1 0.5 - 
Config Triangular tube arrays - 
Pd 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 (m) 
Np 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 - 
Do 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 (m) 
D; 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.011 (m) 
Dx 0.0127 0.0127 0.0127 0.0127 0.0127 0.0127 0.0127 0.0127 0.0127 (m) 

xa 0.0318 0.0318 0.0318 0.0318 0.0318 0.0318 0.0318 0.0318 0.0318 (m) 

xb 0.0275 0.0275 0.0275 0.0275 0.0275 0.0275 0.0275 0.0275 0.0275 (m) 

s 0.0032 0.0032 0.0018 0.0018 0.0032 0.0032 0.0032 0.0032 0.0018 (m) 
y 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 (m) 
kf 0.1731 0.1731 0.1731 0.1731 0.1731 0.1731 0.1731 0.1731 0.1731 (W/mK) 
Fs 15.915 15.915 26.892 26.892 15.915 15.915 15.915 15.915 26.892 - 
Ao 27.947 27.947 47.222 47.222 41.92 41.92 55.13 55.13 93.154 (m2) 
(A0/Ai) 14.645 14.645 24.746 24.746 14.645 14.645 14.645 14.645 24.746 - 
(Ag/Ao) 0.9231 0.9231 0.9562 0.9562 0.9231 0.9231 0.9231 0.9231 0.9562 - 
a 0.5628 0.5628 0.5415 0.5415 0.5628 0.5628 0.5628 0.5628 0.5415 - 
Dh 0.0039 0.0039 0.0022 0.0022 0.0039 0.0039 0.0039 0.0039 0.0022 (m) 
(A0/At) 12.388 12.388 20.933 20.933 12.388 12.388 12.388 12.388 20.933 - 
(A0/Ax) 12.685 12.685 21.434 21.434 12.685 12.685 12.685 12.685 21.434 - 
Twe 7.22 7.22 7.22 7.22 7.22 7.22 7.22 7.22 7.22 (°C) 
MW 0.82 0.66 1.08 0.87 1.12 0.97 1.76 1.52 2.32 (kg/s) 
Tae 26.67 26.67 26.67 26.67 26.67 26.67 26.67 26.67 26.67 (°C) 
Twbe 19.44 19.44 19.44 19.44 19.44 19.44 19.44 19.44 19.44 (°C) 
Iola 1.34 1.34 1.34 1.34 1.34 1.34 2.64 2.64 2.64 (kg/s) 
QS 14.566 13.222 17.992 16.124 18.14 16.796 30.087 27.859 37.304 (kW) 
Ql 4.424 2.138 7.098 4.066 7.94 5.864 10.823 7.491 16.686 (kW) 
Qt 18.99 15.36 25.09 20.19 26.08 22.66 40.91 35.35 53.99 (kW) 

* Data of Cases CAO1-CA06 are pertaining to Air-handling Unit Model 39L, Unit 06S of Carrier Corporation, USA. 

Data of Cases CA07-CA12 are pertaining to Air-handling Unit Model 39L, Unit 12S of Carrier Corporation, USA. 
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Table 7.1 Summary of Manufacturer's Data of Coils Tested (Cont'd) 

Cases* CA10 CA11 CA12 CA13 CA14 CA15 CA16 CA17 CA18 (Units) 
Parameters 

Aa 0.87 0.87 0.87 1.59 1.59 1.59 1.59 1.59 1.59 (m2) 

Wa 1.36 1.36 1.36 1.66 1.66 1.66 1.66 1.66 1.66 (m) 

Nr 4 6 6 4 4 4 4 6 6 - 
Ntpr 20 20 20 30 30 30 30 30 30 - 
Cn 1 1 2 0.5 1 1 2 1 2 - 
Config Triangular tube arrays - 
Pd 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 (M) 

Np 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 - 
Do 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 0.013 (m) 
D; 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.011 (m) 
DX 0.0127 0.0127 0.0127 0.0127 0.0127 0.0127 0.0127 0.0127 0.0127 (m) 
xa 0.0318 0.0318 0.0318 0.0318 0.0318 0.0318 0.0318 0.0318 0.0318 (m) 

Xb 0.0275 0.0275 0.0275 0.0275 0.0275 0.0275 0.0275 0.0275 0.0275 (m) 

s 0.0018 0.0032 0.0032 0.0032 0.0032 0.0018 0.0018 0.0032 0.0032 (m) 

y 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 (m) 
kf 0.1731 0.1731 0.1731 0.1731 0.1731 0.1731 0.1731 0.1731 0.1731 (W/mK) 
Fs 26.892 15.915 15.915 15.915 15.915 26.892 26.892 15.915 15.915 - 
A° 93.154 82.695 82.695 101.16 101.16 170.93 170.93 151.73 151.73 (m2) 

(A0/A1) 24.746 14.645 14.645 14.645 14.645 24.746 24.746 14.645 14.645 - 
(Af/A0) 0.9562 0.9231 0.9231 0.9231 0.9231 0.9562 0.9562 0.9231 0.9231 - 
a 0.5415 0.5628 0.5628 0.5628 0.5628 0.5415 0.5415 0.5628 0.5628 - 
Dh 0.0022 0.0039 0.0039 0.0039 0.0039 0.0022 0.0022 0.0039 0.0039 (m) 
(A°/At) 20.933 12.388 12.388 12.388 12.388 20.933 20.933 12.388 12.388 - 
(A0/Ax) 21.434 12.685 12.685 12.685 12.685 21.434 21.434 12.685 12.685 - 
Twe 7.22 7.22 7.22 7.22 7.22 7.22 7.22 7.22 7.22 (°C) 
MW 2 2.13 1.95 3.32 2.93 3.87 3.1 4.04 3.75 (kg/s) 

Tae 26.67 26.67 26.67 26.67 26.67 26.67 26.67 26.67 26.67 (°C) 
TWbe 19.44 19.44 19.44 19.44 19.44 19.44 19.44 19.44 19.44 (°C) 
11a 2.64 2.64 2.64 4.84 4.84 4.84 4.84 4.84 4.84 (kg/s) 
QS 34.359 35.102 33.457 55.985 52.479 64.942 57.883 65.721 63.043 (kW) 

Ql 12.271 14.488 11.913 21.335 15.781 25.208 14.247 28.329 24.267 (kW) 
Qt 46.63 49.59 45.37 77.32 68.26 90.15 72.13 94.05 87.31 (kW) 

" Data of Cases CA07-CA12 are pertaining to Air-handling Unit Model 39L, Unit 12S of Carrier Corporation, USA. 

Data of Cases CA13-CA18 are pertaining to Air-handling Unit Model 39L, Unit 21S of Carrier Corporation, USA. 
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Table 9.1 Material Property of the Composite Walls and Slab of the Model 
Room 

Properties Concrete Plastering Window 
Glass 

Dry density (k m3) 2600 2200 2500 

Dry thermal conductivity (W/mK) 1.442 1.442 1.05 

Dry porosity (m3/m3) 0.3 0.3 - 
Dry specific heat (J/k K) 879 879 750 
Initial moisture content (m3/m3): 

External layer of Wall 1 

Internal layer of Wall 1 and 
Internal and external layers of 
Wall2-6 

0.06 
0.06 

0.07 
0.06 

- 
- 

Initial temperature (K) 300 300 300 

Emmisivit (long wave radiation) 0.8 0.8 0.8 

Absorptance (short wave radiation) - - 0.2 

Transmittance (short wave radiation) - - 0.4 

Shading coefficient - - 0.53 

Table 9.2 Indoor Air and Usage Conditions of the Model Room 

Room air Set-point Conditions Temperature 298 K (25 °C 

Rel. Humidity 50% 

Corridor air condition (fixed) Tempe ture 300 K (27 °C) 

Rel. Humidity 65% 
Ventilation rate (for one occupant) 71/s 

Heat gain from occupant Sensible 65 W 

Latent 55 W 
Infiltration rate (continuous) 0.5 air-changes per hour 

Lighting and appliances load (total) 225 W 
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Table 9.3 Design Cooling Load of the Model Room 

Peak Time: 14: 00 hr. In October 

Peak Cooling Load (W) 

Components Sensible Latent Total 

Solar 783 0 783 

Conduction (Glass) 175 0 175 
Conduction (Wall) 263 0 263 
Occupants 65 55 120 
Lighting 225 0 225 

Infiltration 33 129 162 

Room Total 1544 184 1728 

Ventilation 61 240 301 

Block Total 1605 424 2029 

Table 9.4 Characteristics of the Fan-coil Unit Serving the Model Room 

Supply air flow rate (Vsa) 0.125 m3/s (0.15 kg/s) 

Chilled water flow rate (control valve open) (mw) 0.12 kg/s 

Chilled water supply temperature (fixed) (Tw) 280 K (7 °C 

Characteristics of the coil: 
No. of rows (Ni) 3 

Fin sacin (s) 2 mm 
Face area (Aa) 0.12 m2 (600 mm x 200 mm) 
Circuit number (Cn) 1.5 

No. of tubes per row (Ni r) 10 

Diameter of tube (D) 9.53 mm /8 mm (outer / inner) 

Tube spacing: Transverse (xa) 
Longitudinal (Xb) 

20 mm 
20 mm 

Fin thickness (y) 0.15 mm 
Rated cooling capacity (Q. ) 1684 W (sensible) 

2196 W (total) 
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Figure 1.1 Schematic diagram of 
an air-cooled air-conditioning 
system 
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Figure 1.3 Psychrometric cycles of an 
all-air system at full and 
part load conditions 
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Figure 2.2 A picture of moisture transfer 
in porous medium 
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Figure 4.2 Discretization scheme for 
a wall or slab 

Outdoor 
or 
adjacent 
room 

I 
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Figure 4.3 Boundary control 
volume for a wall 
or slab 

Room 

Figure 4.4 Control volume 
at the interface 
plane 
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Figure 5.1 Input/output relationship of 
a component model 
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Figure 5.2 A unidirectional sequence 
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Figure 5.4 Schematic diagram of an 
air-handling system 
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Figure 5.5 Enlarged view of tubes and fins 
in an air-conditioning coil 
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Figure 5.8 Indoor temperature variation pattern with on/off control 
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Figure 5.10 Schematic diagram of a branch 

chilled water circuit 
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Figure 6.1 Configuration of the single tube, 
counterflow heat exchange model 

-for a cooling and dehumidifying coil 
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Figure 6.4 Discretization of the idealized coil 
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Figure 8.1 Configuration of the room modelled 
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Figure 8.3 Staggered time progress in building and 
air-conditioning system components 
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Appendix A 

The Numerical Scheme Adopted to Solve Differential 

Equations of the Building and System Models 

Many methods for solving ordinary differential equations (ODEs) and partial 

differential equations (PDEs) can be found in various references on numerical 

methods (e. g. 131,132,138,166,167), Although methods for solving of PDEs appear to be 

different from those for ODEs, the latter can also be applied to solve PDEs provided 

the PDEs are first transformed into ODEs (132). Since a mix of PDEs and ODEs is 

often found in engineering problems, this approach allows a unified method be used 

in solving the problem. Among the ODE solution methods, those in the explict 

Runge-Kutta family of methods are in widespread use. For simple problems, these 

methods are satisfactory. However, when applied to solve a set of "stiff' equations, 

there may be stability problems unless extremely small step-lengths are used in the 

numerical solution process which will be very time consuming. Although there are 

sophisticated methods for solving stiff equations (e. g. Gear's multi-step method (131)) 

the solution procedures involved are much more complicated. 

In this work, the "self-implicit" scheme (136,137) was employed. Through this 

method, an implicit solution scheme (which will be more stable than an explicit 

scheme) can be implemented in the explicit manner (and therefore computationally 

more efficient). In applying this method to solve PDEs, each PDE was first partially 

discretized (or semi-discretized, in the spatial dimension only, (132)) to become a set 
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of ODEs (one ODE for each spatial node). The Runge-Kutta-Merson (RKM) method 

(131,132) was then used to integrate the set of ordinary differential equations. This was 

found to be a simple but efficient and accurate method. 

In this appendix, the procedures for implementing this numerical method are 

examplified with reference to a simple ODE and a simple PDE. Example calculations 

and comparison of the numerical solutions with analytical solutions for the 

differential equations are included. 

A. 1 The Self-implicit Scheme 

In solving a first order ODE, say y' = f(x, y) (where y'= dy/dx), by a numerical 

method, the conventional way is to calculate the derivative of the dependent variable 

(y') by using the expression at the right hand side of the ODE (in this case, f(x, y)). 

The numerical value of y at the next step (yn+l) is then estimated based on y' and the 

step-length of the numerical integration, Ox (= xn+1 - xn). Starting from a set of initial 

values of x and y (x°, y°) and by repeating this procedure in which the value of x 

progressively increases (by Ax each time), the value of y corresponding to the desired 

value of x can be solved. The same applies for solving a system of ODEs 

simultaneously. For higher order ODEs, they can always be transformed into a set of 

first order ODEs (138) and solved in the same way. In calculating the value of y', if the 

values of x and y used correspond to the current time step, i. e. xn and yn, this method 

is called "explicit", as y' can be found from these known values. However, if values of 

the variables corresponding to the next step are used, i. e. xn+1 and yn+l, the method is 

called "implicit" and in this case, y' and yn+l need to be solved simultaneously in 

each step. 

In essence, the self-implicit method is an approximate method through which 

an implicit numerical solution scheme can be implemented explicitly. The procedures 

involved are illustrated with reference to the following simple ODE: 
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d= 
-ao+b (A. 1) 

o 

where a and b are both positive constants. 

Following the Crank-Nicolson scheme, the time derivative, do/dt, may be 

approximated as a weighted sum of f(on, tn) and f(on+l, tn+l). Using (A. 1), this 

becomes: 

aýýX(-aon+l+b)+( 
1-fit, )(-aon+b) (A. 2) 

With k>0, solution for on, ' becomes implicit. 

In the self-implicit method, throught the use of the approximation: 

d4 0M 
Ti 'w- At 

(A. 3) 

the value of dO in equation (A. 2) can still be estimated based on known value of on 

despite that X>0 is used (i. e. implicit). Thus, greater stability of the numerical 

scheme due to the use of the implicit method can be achieved but the solution 

procedure is basically that of an explicit method which therefore greatly simplifies the 

solution process. This can be seen by manipulating with the equation in the following 

manner: 

After substituting 0n+l by 0n + A4 and simplying, equation (A. 2) becomes: 

de--aale-ae°+b (A. 4) 

Multiplying the term containing 04 in equation (A. 4) by At/At, it will become: 

dO=-ý 
aAt(Qý)-a4 +b 

Using the approximation as shown in equation (A. 3), the above equation may be re- 

arranged into: 
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(1+? aAt 
d 

=-a4°+b 

(A. 5) 
do a or d 1+?, a At 

ýn + 
1+X ab At 

Since the right hand side of equation (A. 5) now involves only 0, 
d' 

(with X>0) can 

be estimated based solely on known parameters. For X=0, equation (A. 5) reduces 

back to the explicit formulation (A. 1) but, for X=1, the scheme is fully implicit and 

equation (A. 5) becomes: 

ab 
dtv 1+a At 

on +1+a 
At 

(A. 6) 

A. 2 Mathematical Meaning of the Self-Implicit Scheme 

From equation (A. 6), it can be seen that the derivative ä' at to+1 is 

approximated by 0 at t°. Using the Taylor series expansion (up to the first order 

derivative term), On+1 may be expressed in terms of on and 
do 

as: 

0n+1 = on + OtdO +... (A. 7) 

If the fully implicit scheme is used, then, 

aýaon+l+b 
(A. 8) 

Neglecting the terms involving the second and higher order derivatives in (A. 7) (not 

shown) and subsituting (A. 8) into (A. 7) gives: 

n+l on -a At ýn+l +b At 

0n+l #1 on + 
At 

b 
1+ a At 1+ a At 

(A. 9) 

Substituting (A. 9) back into (A. 8), 
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do- a o°+(1 aAt )b 
1+aAt 1+aAt 

do a 
t l+ a At 

0n+ 
1+ a At 

b (A. 10) d 

which is exactly the same as equation (A. 6). Hence, it can now be seen that using the 

self-implicit scheme to evaluate 
dt 

at to+l is equivalent to estimating 4n+1 first, based 

on on (see equation A. 9), and this is then used to estimate 
do. 

Through this, 

simultaneous solution of 
do 

and qn+t by an iterative procedure is avoided. 

One may argue that since it is possible to estimate ýn+t using equation (A. 9), 

then, evaluation of 
dt 

appears to be unnecessary. This is true if a one-stage method 

(e. g. the Euler method (168)) is used to solve the ODE. However, if a multi-stage 

method (e. g. one of the Runge-Kutta family of methods) is used, then, the time 

derivatives corresponding to a number of intermediate stages will have to be 

calculated and this method allows such multi-stage methods be implemented 

conveniently. 

A. 3 Stability of a Numerical Scheme Incorporated with the Self-implicit 
Scheme 

In addition to simplifying the procedures for solving an ODE implicity, the 

self-implicit scheme can also allow larger time steps be used in the solution scheme. 

This is explained by the analysis on the stability criteria for solving the following 

ODE (same as A. 1) by using a one-stage explicit method (the Euler method): 

do=-aý"+b 

it can be shown that the stability criterion for the one-stage method is (see e. g. 

Constantinides (168)): 

2 
t< IaI (A. 11) 
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With the self-implicit scheme, the ODE can now be written as: 

do=-a'4°+b 

where a'= a 
1 +%ait 

(A. 12) 

Since equation (A. 12) is also explicit, the stability criterion therefore will be: 

ýt <Iä 

1+, %aAt 
or, Ot <2{a} 

Here the absolute sign is ignored as a, 2 and At are all of positive values. It follows 

that: 

a(1 -2, %)At<2 

or At <2 for (1- 2 X) Z0 (A. 13. a) 
a(1-2X) 

At Z2 for (1-2%)<O (A. 13. b) 
a(1-2X) 

Here, Xis within the range of 0S %S1. The stability criteria therefore become: 

i) For X=0, the stability criterion reduces back to that for explicit solution. 

ii) For 1> X >11 (1 - 2X) < 0, from (A. 13. b), it can be seen that the solution 

scheme is unconditionally stable. 

, (1 - 2%, ) >0 and the criterion shown in (A. 13. a) must be obeyed iii) For 0< %<_ 1 

for stability of the numerical solution scheme. Comparing this equation with 

(A. 11), it can be seen that because (1 - 2X) is less than one, the largest value of 

the time step that can be used with the semi-implicit scheme without violating 

the stability criterion is greater than what is possible in the conventional 

explicit method. 
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Stability criteria for higher order methods (e. g. the classical fourth-order 

Runge-Kutta method and Runge-Kutta-Merson method) can be found in references on 

numerical methods for solving ODEs (e"g"132). The application of the criteria however 

is complicated (involving solution of the eigenvalues of the coefficient matrix of the 

system of ODEs). In this work, the fully implicit formulation (?, = 1) was used and 

therefore the scheme should be stable. 

A. 4 Implementation of Runge-Kutta-Merson Method with the Self-Implicit 

Scheme In Solving an ODE 

The Runge-Kutta-Merson (RKM) method for solving an ODE (131,132) is as 

follows: 

Given 
d 
Tt- = f(O, t) (A. 14) 

and At = time step of integration = to+1 _ to 

Then, k1= At f(o°, tn) (A. 15) 

k2 = At f(4n +3 k1, t+ 
3t) (A. 16) 

k3 = Ot f( on +6 (kl + k2), t° + 
3t ) (A. 17) 

k4=0tf(o"+8(k1+3k3), t' + 
2t) (A. 18) 

k5 = At f( 0" +2 (k1- 3k2 + 4k4), 0°+ At (A. 19) 

and On+1 = on +6 (kl + 4k4 +k5) (A. 20) 

Also, the truncation error of this step of calculation can be estimated by (132): 

£_3L(-2k1+9k3-8k4+k5 ) (A. 21) 

With the RKM method, the error of each integation step can be conveniently 

estimated by using the above equation. This estimated error can then be used to 
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control the integration step size to be used in the solution process (see Section A. 5) 

and that is the major reason for using this method in the present study. In using other 

methods, e. g. the classical fourth-order Runge-Kutta (RK4) method, the error will 

have be to estimated by repeating the solution process twice (call step-doubling (138)); 

in the first, the full-step is used and in the second, two half-steps are used. Since the 

solution will be more accurate when a smaller step-length is used, the deviation of the 

solution obtained by using the full-step from that obtained in the two half-steps is 

then regarded as an indication of the error. The calculation procedures involved 

however will become more time consuming. 

A. 5 Numerical Solution Step Size Control 

Although the RKM method is a five stage method, its accuracy is only up to 

order four (132). For an order four method, the truncation error (c) is proportional to 

(At)5 (138) Therefore, if E. is the maximum tolerable error and At. is the largest time 

step that will give a truncation error that is equal to C0, then, 

I£I 
At 
o (A. 22) 

or, ito = At I-10.2 (A. 23) 
E 

This value of Ato is the desirable step length for minimum computing time. Hence, by 

comparing the estimated error in a solution step with the tolerence limit, whether the 

result obtained in this step is acceptable can be deterimined. If c is smaller than CO, the 

result of the completed step is acceptable and, by using equation (A. 23), the step 

length for the next solution step can be determined. However, if c is greater than C0, 

the result of the completed step is not acceptable. Nevertheless, by using equation 

(A. 23) again, the step length to be used in repeating the calculation can be 

determined. To be conservative, a scaling of 0.95 was used in the building and system 

models to scale down the time-step size estimated by equation (A. 23) in the next 

solution step following a successful one and a factor of 0.75 was used to determine 
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the time-step size to be used in repeating a solution step following an unsuccessful 

one. 

A. 6 Comparison of the Numerical Solution with Analytical Solution of an 
ODE 

The numerical scheme was applied to solve the following simple ODE (same 

as equation A. 1) to verify the accuracy of the numerical solution and to test the 

performance of the scheme: 

dX 
=-ay+b (A. 24) 

where a and b are constants. 

The analytical solution of equation (A. 24) is: 

y=+ [(Yo 
- 

ä) eaxoJ e-a x (A. 25) 

where xo = the initial value of x 

yo = the initial value. of y at x= xo 

The values of the constant coefficients and initial values of the variables assumed in 

the numerical solution were: 

a= 1+ b= 1+ Xo=0; Yo=O 

In order to show the effects of using the self-implicit scheme, the explicit 

RKM method was also applied to solve the ODE. The solutions obtained by using the 

two numerical methods, together with the analytical solution, are shown in Figure A. 1 

and the deviations between the numerical solutions from the exact solution are shown 

in Figure A. 2. These graphs show that the explicit method is more accurate than the 

self-implicit method in the region where x is small and y is rapidly rising. However, 

there is a consistent error in the explicit solution when x is large but the self-implicit 

solution becomes indistinguishable from the exact solution when x is larger than ten 
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(Figure A. 2). Figure A. 3 shows that at the early stage of the 'solution process, the 

numerical integration step sizes used in the self-implicit scheme were smaller than 

those used in the explicit scheme. However, in approaching to the steady solution, 

because of the absence of a consistent error, the self-implicit scheme was able to 

rapidly enlarge the step sizes and therefore was able to complete the solution in less 

computing time. This comparison shows that the self-implicit scheme is an accurate 

and efficient numerical scheme for solving an ODE. 

Note however must be taken that the error estimated by equation (A. 21) is 

smaller than the actual error of the numerical solutions (Figure A. 2) and the latter can 

exceed the tolerence limit (set at 0.001). This is because: 

i) Due to the approximation made in the self-implicit scheme (equation 

A. 3), the estimated truncation error is not the "true" truncation error of 

the RKM scheme. Also, as pointed out by Lambert (132) (quoting 

England's result), equation (A. 21) may not always be able to give an 

accurate estimate of the truncation error. 

ii) The actual error shown in this figure includes also other errors (e. g. the 

rounding off errors) incurred in the calculations and, 

iii) in this example calculation, the error tolerence was used to determine 

the integration step size to be used in a following step but the 

calculation was not repeated even if the estimated error was larger than 

the tolerence limit (the latter was done in the building and system 

model). A better result could have been obtained with the self-implicit 

scheme if the calculation was repeated with a reduced step-length 

whenever this was encountered. 

Hence, the estimated truncation error as given by equation (A. 21) can only be 

regarded as an indicator of the error and be used as a tool for step-length control 

rather a "true" estimate of the truncation error. 
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A. 7 Solving Partial Differential Equations by the Self-implicit Scheme 

The procedure of using the self-implicit scheme and the RKM method to solve 

a PDE are explained below, with reference to the following PDE: 

ao_a a2 
-ax2+b 

where a and b are constants. 

(A. 26) 

To solve this PDE by the RKM method, its spatial derivative term has to be 

discretized first such that the PDE becomes a set of ODEs. By using the central 

difference method, the equation may be semi-discretized into: 

oi+l -2Oi+Oi-1+b 
at (&)2 

(A. 27) 

Following the Crank-Nicolson method, the time derivative of 4; may be approximated 

by: 

ý, a 
A$j+i - Aoi + iii-, 

+a 
Oi+\ -2 4 

2+ 
nt 

+b (A. 28) 
at 

Hence, if there are N nodes in the x dimension, there will be N equations (for i=1, 

2..., N) and each may be regarded as an ODE. 

Multiplying each of the 04 terms in equation (A. 28) by At/At, it may be re- 

arranged into: 

Doi= (, %a0tl fAQ 
_2QO; +- }+ 

at 0x2 !i 

a21 oin .n -24i + 41-1 1 
+b (A. 29) 

By approximating the 
ý4. 

) terms by 
20 

and collecting all these terms to the LHS, 

equation (A. 29) becomes: 
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Xa&tla_; 
_1+(1+2? aAt)ao; %aAt)a4i+i 

ý2 I at &X2 at AX2 at 

(A. 30) _a AX2 
{ 0i+1 - 24 + 4i'-'1 +b 

which may now be written as : 

= fi ($") (A. 31) A,, i-i at + Ai, i at + Ai, i+l at 

Note that f; (4") is the explicit formulation of RHS of equation (A. 26) and can be 

evaluated based on the known values of ? n1.1, ý°; , fin, +1, a&b. 

Denoting by $, the entire set of equations for all the nodal points, (for i=1,2 ..., 

N) can be written in the following form: 

A1,1 A1.2 
A2.1 A2.2 

A3.2 

".. i-1 

A2,3 

A3.3 A3,4 4'3 

Ai. i Al 1 

AN-I, 
N-2 

AN-1, 
N-1 

AN-1, 
N 

AN, 
N-1 

ANN ýIý 

fl 
f2 
f3 

fj 

fN-t 
fN 

(A. 32) 

The set of ODE's resulting from the partial discretization process (equation 

A. 32 above) may be represented in matrix form as follows: 

[A] {$} ="{f} 

and since [A] is a tri-diagonal matrix, { $} can be solved by using the efficient tri- 

diagonal matrix algorithm (TDMA) (138). 
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In solving an ODE using the RKM method, the time derivatives of the 

variables ({ý}'s) at the five intermediate stages need to be evaluated (see equations 

A. 15 - A. 19). In this process, the same set of known values of 41 at time-step t" can be 

used for evaluating the column vector (f) in (A. 32) in all the stages (and then the 

k's), which is an important feature of the self-implicit scheme. However, the values of 

X to be used in evaluation of Ai, j's in matrix [A] must be adjusted and the values of At 

must be replaced by At* (see equations A. 30 and A. 31) as follows: 

For evaluation of k1, %=O & At* = At ; 

for k2, X=1 &At*=0t/3; 

for k3, X=1 & Ot* = Ot /3 ; 

for k4, X =1 & At* =At/2; and 

for k5, X. =1 & 1t* = At 

so that the time derivatives will correspond to the correct time pertaining to each 

intermediate stage. 

Note must also be taken that since basically a fully implicit scheme is 

implemented for each intermediate step, if the coefficients a and b in the equation are 

state dependent, (i. e. their values vary with ý's), they should be evaluated at the 

correspondingly estimated values of 0, i. e.: 

Stage Time of the Sta 

1 t=t° 

2 t=t°+ 
3t 

3 t=t°+ 
3t 

4 t=t°+ 
Zt 

$ t=t°+At 

Value of 6 for_evaluation of a&h 
ýn 

on+3k1 

on +6 (kI+k2) 

on +8 (k1+3k3) 

"+2(kl-3k2+4k4) 
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A. 8 Comparison of the Numerical Solution with Analytical Solution of a PDE 

To verify the accuracy of the numerical solution, it was applied to solve the 

temperautre variations at the central plane of a homogeneous slab of material. The 

slab was initially at a uniform temperature across its thickness but was suddenly put 

into a new environment which was at a constant temperature different from the initial 

temperature of the slab. Assuming the thermal properties of the slab are constants, 

temperature distribution across the slab is governed by the following PDE (a heat 

conduction equation): 

DT a2T jt- 'a ax2 (A. 33) 

where T is the temperature, t is the time after the slab has been put into the new 

environment, x is the distance from the central plane of the slab and a is the thermal 

diffusivity of the material (a =k). Analytical solution of this equation is available 
pCp 

from heat transfer literature (129,135)" 

In the comparison calculation, the slab was assumed to be a piece of gypsum 

board having a density (p) of 670 kg/m3, a thermal conductivity (k) of 0.1593 W/mK, 

a specific heat (Cp) of 1.0894x 103 J/kgK and a thickness of 0.0132 m. The initial 

temperature of the slab was 303 K and the temperature of the ambient air was 293 K. 

The convective heat transfer coefficient (h) at the two surfaces of the slab was 3.07 

W/m2K. 

The numerical solution of the problem and the analytical solution are plotted 

in Figure A. 4. It can be seen here that the numerical solution is in excellent agreement 

with the analytical solution. This shows that the numerical scheme can solve the PDE 

accurately. 
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Appendix B 

A Steady-State Cooling and Dehumidifying 

Coil Model 

This appendix describes in detail the methods used in developing the LMHD 

model (Chapter 5) for simulating steady-state performance of cooling and 

dehumidifying coils with corrugated fins. First, an overview of the basic heat 

exchanger theory is given. Following that, mathematical expressions for calculating the 

parameters required to evaluate the heat transfer area and the overall heat transfer 

coefficient (U-value) of a sensible cooling coil with flat plate fins are summarized. How 

these expressions can be modified for applications to a cooling and dehumidifying coil 

is then described. These methods are based largely on McQuiston's work (28,143,144) 

but due modifications have been made to account for the effects due to the presence of 

fin collars. Also, details of how Beecher & Fagan's correlations (141) can be adopted to 

account for effects of fin corrugations, and the procedures for determining the dry/wet 

coil surface areas (according to the method given in ASHRAE (140)) are described. 

Finally, the procedures for setting-up the steady-state coil model are summarized, 

which include a method for solving for the coil surface air-film conditions. The coil 

model develpoed from these methods can predict coil performance to an acceptable 

accuracy when compared with some manufacturers' catalogue data (see Chapter 7). 
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B. 1 The Approach for Modelling a Cooling and Dehumidifying Coil 

B. 1.2 Basic Heat Exchanger el 

Despite the complex construction of a cooling or heating coil, its steady state 

performance can be modelled by the conventional log mean temperature difference 

(LMTD) method or the Number of transfer units (Ntu) method for shell-and-tube heat 

exchangers (e. g. Kays & London (32)) provided appropriate modifications are made to 

cater for the specific coil construction and operating conditions. 

a) In the LMTD method, the heat exchange rate (q) is calculated by: 

q=AU LMTD (B. 1) 

where, with reference to a counter-flow arrangement, 

LMTD - 
(Thi - Tco) - (Tho - Tci) 

(B. 2) 
In[ 

Thi - Tco 
Tho - Tci 

Here, T is the temperature of the fluids and subscript `h' denotes the hot fluid; 

V denotes the cold fluid; and ̀ i' & 'o' denote respectively the inlet and outlet 

conditions of the fluids. 

As the expression for the evaluation of LMTD (equation B. 2) includes the 

conditions of the fluids leaving the heat exchanger, which are the unknowns to 

be solved, determination of heat exchanger performance by this method will 

involve an iterative procedure. 

b) In the Ntu method, the heat exchange rate is given by: 

O 

q=E (m Cp)min (Thi - Tci) (B. 3) 
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where c is called the effectiveness of the heat exchanger and (m Cp)m; n is the 

minimum of the capacity rates (mass flow rate times specific heat) of the two 

fluids. 

For a heat exchanger connected in counter-flow, the value of effectiveness (e), 

as a function of Ntu, is: 

1- exp {- Ntu (1 - CRR) } 
£_ -1- CRR exp {- Ntu (1 - CRR) } (B'4) 

where 

Ntu -o 
UA 

M Cpmin 

and 

(B. 5) 

0 

CRR = 
(m Cp)m'n 

= capacity rate ratio of the two fluids (B. 6) 
(m Cp)max 

For other flow arrangements, expressions or graphs for evaluation of c are 

available in many references on this topic (e. g. 32). 

By using this method, iterative calculation is avoided because the heat 

exchanger performance is related only to the inlet fluid conditons (and values of 

U and A). 

In applying either method, both the total heat transfer area (A) and the overall 

heat transfer coefficient (U) of the heat exchanger have to be calculated. For a simple 

counter flow shell and tube heat exchanger, the heat transfer area (A) may be taken as 

the total outer surface area of the tube (At) whereas the overall heat transfer coefficient 

(U) can be calculated as follows: 

U_ 1 
(B. 7) 

ho+ýkt A+hi Ai+Rf'AAi+Rfo 
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B. 1.3 Finned Sensible Cooling Coils 

For a finned coil, the fin (extended) surfaces must be taken into account in the 

evaluation of A and U. The heat transfer area of such a coil is the total of the fin surface 

area (Af) and the exposed fin collar surface area (A. ), i. e., 

A=Af+Ao (B. 8) 

When applied to a finned coil, the expression for the evaluation of U needs to be 

modified because the temperature at the fin surface is in general not uniform and there 

are additional thermal resistances due to the presence of the collar and the imperfect 

bonding between the tubes and the inner collar surfaces. The established approach to 

account for the former is to use the concept of fin surface effectiveness (ris). In this 

method, the heat exchange rate is first calculated by assuming that the finned surfaces 

and the exposed fin collar surfaces are all at a uniform temperature. The actual rate of 

heat exchange is then calculated as a fraction of the idealistic heat exchange rate through 

the use of the fin surface effectiveness. The surface effectiveness and the additional 

thermal resistances can be incorporated into the expression for U (assuming no fin at 

the inner side of tubes) as follows: 

U_ 
1 

1+ Ak Ä+ Rct 
T+ (h + Rf; ) A+ 

Rf0 
hats t mt tf A= i 

Ai 

(B. 9) 

In general, the metal thermal resistance terms (AxVk, & Axe kf) are very small 

as compared to other thermal resistance terms and hence can be neglected in modelling 

the performance of air-conditioning coils. Appropriate empirical correlations and data 

from relevant literature may be adopted for evaluating the required heat transfer 

parameters including the convective heat transfer coefficients at the inner tube surface 

(h) and at the finned surface (ho), the contact resistance (Rct) and the fouling 

resistances (Rf; & Rf0). 
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Having calculated A&U, the total heat exchange rate in a finned coil can be 

found using the simple heat exchanger equations, based on either the LMTD or the Ntu 

method, provided no condensation of water vapour occurs on the coil surface. In 

addition, the corresponding pressure drop incurred by both fluids usually needs to be 

estimated since these pressure drops will affect the pump and the fan performance and, 

in turn, the mass flow rates of the fluids and the heat exchange rate. Empirical 

correlations are also available for finding the friction factor over the dry finned coil 

surface and over the inner tube wall surface such that the pressure drop incurred by 

both fluids can be evaluated. 

B. 1.4 Finned Cooling and Dehumidifying Coils 

When the coil surface temperature is sufficiently below the dewpoint 

temperature of the moist air approaching the plate-finned coil, condensation of water 

vapour from the air stream onto the coil surface will take place. Moisture will thus be 

removed from the air stream and this is an essential process (dehumidification) in air- 

conditioning. With dehumidification, the rate of heat extraction from the air is higher 

when the same amount of air is cooled by the same temperature drop because the latent 

heat of condensation must also be removed by the chilled water simultaneously. Due to 

the presence of a thin layer of liquid water (condensate) on the coil heat transfer 

surface, the equations for evaluating the heat transfer coefficient and the friction factor 

for dry coil surfaces have to be modified and the mass transfer coefficient for 

calculating the rate of condensation needs also be evaluated. By using available 

empirical equations for evaluating these coefficients, the total heat transfer rate and the 

mass transfer rate can be estimated by an approach similar to that for a cooling coil with 

dry fin surface. 

An explicit method (no interation steps involved) has been developed (169,170) 

for estimating cooling and dehumidifying coil performance by extending the concept of 

Ntu and effectiveness to latent heat transfer. In this method, assumptions were made 

that the heat transfer parameters are constants throughout the coil and that the fin side 
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heat transfer coefficient remains the same irrespective of whether there is condensation 

in the coil. However, as evidenced by McQuiston's experimental findings (143,144,171), 

the heat transfer parameters vary from row to row in cooling and dehumidifying coils 

and there are considerable differences in the sensible heat transfer coefficient of a dry 

coil from that of a wetted coil. This method therefore was not considered in this work. 

The model developed was based on the log mean difference approach but, instead of 

LMTD, the calculation procedure adopted for total heat transfer calculation is based on a 

log mean enthalpy difference (LMHD) between the air and the air-film above the wet 

coil surface. Like the LMTD method, an iterative procedure is used. 

In a counter flow cooling and dehumidifying coil, chilled water temperature 

within the coil rises in the direction opposite to the air flow (Figure B. 1). At the plane 

where the air-flow enters the coil, both the chilled water and the air-stream are at their 

highest respective temperatures. Thus, unless the incoming air is highly humid, the 

water vapour in the air stream will not condense onto the coil surface once it approaches 

the coil. Instead, condensation will occur somewhere down stream of the inlet plane 

where the coil surface temperature is equal to or lower than the air stream dew point 

temperature. Consequently, there will be a portion of the coil which will stay dry with 

the other portion wet. Where the dry/wet boundary occurs depends on the air and 

chilled water conditions at the inlet and exit and is thus an unknown that needs to be 

solved simultaneouly with the exit conditions. In' this solution process, the heat 

exchange rates at the two portions of the coil will also be determined, based on the 

respective area and heat (and mass) transfer coefficients. 

B. 2 Heat and Momentum Transfer at Extended Surfaces 

B. 2.1 Heat Transfer Area Calculation 

The total surface area of a finned coil is normally calculated as a multiple of its 

face area: 
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A=FSNrAa (s. io) 

where FS is called the surface factor. Unfortunately, this factor is rarely given in 

manufacturers' catalogues, but, the total surface area can be approximated based on the 

known tube array arrangement. For both the rectangular array and the triangular array 

(Figure 5.7), the fm area of a typical cell in the fin-tube assembly is: 

1Af=2(XaXb-7c 4 (B. 11) 

The face area (AAa) and the exposed fin collar surface area (M0) for the same cell are: 

AAa =S xa (B. 12) 

AAo=(s-y)nDo (B. 13) 

Hence, the ratio of total heat transfer area to face area of the typical cell is: 

A. A 2-aXb_7L 4 )+(s-y)nDo 

AA -s xa 
(B. 14) 

a 

If the irregularities at the fin edges are neglected, the surface factor (FS) can be 

approximated by: 

AA 
FS _ lAa 

(B. 15) 

from which, the total heat transfer area of a finned coil can be approximated by equation 

(B. 10). 

B. 2.2 Fin Efficiency and Surface Effectiveness 

The fin efficiency, Tif, is defined as: 

Actual heat transfer at a fin 
llf - The heat transfer if the entire fin is at the fin base temp. (B. 16) 
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If ilf is known, the rate of heat transfer from the fin to the ambient fluid (Sqf) at an 

elemental section of the coil can be calculated by: 

8qf -1if SAf ho (Tfb - TO (B. 17) 

The fin efficiency (ref) for plate fins can be calculated from: 

11f - 
tanh (m r 4) (B. 18) 

mr0 

where m=ky (B. 19) 

r= the outer radius of the fin collar (= Do/2); 

=( -1) [1+0.351n (Re) ] (B. 20) 

and Re is to be evaluated as follows: 

i) For a rectangular tube array: 

r=1.28 yr ß --0.2 (B. 21a) 

ii) For a triangular tube array: 

Re 
= 1.27 ijr 1f ß-0.3 (B. 21b) 

where yV =M& (3 =M; for LZM and definitions of L&M are as 

shown in Figure 5.7. 

Having calculated the fin efficiency (ref), surface effectiveness (r) as defined 

below, can be calculated: 
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Actual rate of total heat transfer at the 

_ 
fin surface and the exposed fin collar surface (B. 22) IS - The heat transfer rate if both the fin surface and the 

exposed fin collar surface are uniformly at the 
fin base temperature 

which can be expressed in terms of the fin efficiency as: 

Tls=1-Ä(1-, nf) (B. 23) 

The heat transfer between the ambient fluid and the fin (and exposed fin collar 

surface area) at an elemental section of the coil can therefore be calculated by: 

S9s = i'ls SA ho (Tb - Ta) (B. 24) 

B. 2.3 Heat Transfer Coefficients 

a) Water side heat transfer coefficient (h1) 

The heat transfer coefficient at inner surfaces of tubes of the coil can easily be 

calculated using well established correlations for fluid flow in pipes. 

i) When the flow is turbulent, the Dittus-Boelter equation (135) below can 

be used: 

hi = 0.023 
D 

Re0.8 Pr (B. 25a) 

and, n=0.4 when the coil is for cooling; n=0.3 when the coil is for 

heating. 

ii) For laminar flow, Seider & Tate's correlation (135) may be used instead: 

kD (113) 014 
h; = 1.86 Dl (Re Pr L) () (B. 25b) 

µt 

Here, L is the tube length; µn, is the bulk mean fluid viscosity; and µi is 

the viscosity of the fluid at the tube wall condition. 
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The water flow velocity in the tubes needs to be determined before either one of 

the above correlations can be used to evaluate the water side heat transfer. The method 

for this is described in Section B. 2.4 below. 

b) Air-side (fin-side) heat transfer coefficient (ho) 

From the Chilton-Colburn j-factor analogy, the convective heat transfer 

coefficient (ho) can be related to the friction factor (f) through the j-factor as follows: 

st PrV3=j=2 (B. 26) 

ho 
where St = Stanton Number = (p Cp u) 

For plate-finned coils, McQuiston (143,144) developed an empirical correlation 

relating the j-factor for sensible heat transfer in finned coil surfaces to another factor, 

denoted as JP, as follows: 

j=0.0014 + 0.2618 JP (B. 27) 

and JP is defined as: 

JP = Re -0.4 A l-0.15 (B. 28) D° Ato) 

Here, both the Stanton number (St) and the Reynolds number (Repo) are 

evaluated based on the air flow velocity (uc) at the core area between tubes (Ac). 

For air, Pr2/3 is very close to one and can therefore be deleted from equation 

(B. 26). Using the definitions of Stanton Number and replacing u by uc, equation 

(B2.6) can be modified into the following form: 

ho =J Pa CPa Uc (B. 29) 
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With this equation, equations B. 27 & B. 28 for calculating j, and when uc is known, the 

heat transfer coefficient ho can be evaluated. 

Following the approach used in heat transfer area calculation, the core area (Ac), 

the flow velocity at the core area (uc), and the ratio A/A0 can be determined as follows: 

Define a to be the contraction ratio given by: 

a=Aa (B. 30a) 

Then, for an elemental cell in the finned coil (Figure 5.7), a can be 

approximated by 

= 
(xa - Do) (s - Y) 

AAa Sxa 
(B. 30b) 

Knowing a, Ac can be calculated from (B. 30a). Let Va be the volume flow rate 

of air across the coil, then 

0 

Uc = Ac 

Also, 

(B. 31) 

2 

A AA 2(xaxb 
4 

)+(s-y)nDo 
(B. 32) 

iAto s 7c Do . 32) 

Equation (B. 27) however is valid for 4-row coils only. For coils with number 

of rows (Nr) other than four, the following correction needs to be applied (28): 

in 
_1- 

1280 Nr Rexb 1.2 

1 1 -- 5120 ReXb .2 
(B. 33) 

where in is the j factor for Nr number of rows and j4 is that for 4-row coils as from 

(B. 27) 
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c) Contact resistance (Rct) 

The thermal resistance due to the imperfect contact between the tubes and the fin 

collar can be estimated by (1&): 

Rct = 3.913x106 
1y y_ 1)2 

1 0.6422 (B. 34) 

(This however was verified to be unnecessary as McQuiston's correlations (143,144) 

already include the effect of contact resistance, see Chapter 7. ) 

B. 2.4 Water Pressure Drop 

The water side pressure drop can be calculated using the conventional method 

for pipe flow calculations as follows: 

4f ýLeq 
Pw uw2 APw D; 2 (B. 35) 

In order to determine the total equivalent length (ELy) and the flow velocity of 

chilled water in the coil tubes (u, ), the circuit arrangement of the coil must be known. 

In a cooling coil, the straight tube sections are connected by U bends at their ends. The 

chilled water may be arranged to pass through several straight tube sections (in the 

same row or in different rows, forming a flow path) when it flows through the coil 

(Figure B. 2) and each of such flow paths is called a water circuit. Water circuit 

arrangement in a coil can be described by a parameter called "circuit number" (Cn). 

Instead of a number, this parameter is often given as full, half or quarter curcuit, 

corresponding to Cn = 1,0.5 and 0.25 respectively (some coil manufacturer may use 

other conventions for describing water ciruit arrangements in their coils). 

For a coil with Nt number of rows, if a chilled water curcuit is composed of 

Npass number of straight tube sections, the circuit number (Cn) of the coil is then: 

_N L Cn -N pass 
(B. 36) 
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Hence, if there are Ntpr tubes per row, Cn multiplied by Ntpr equals the number of 

water circuits sharing the total flow rate of chilled water through the coil (VW). 

Accordingly, the volume flow rate of chilled water per tube (' ') will be: 

0 

Vpt = Cn 
yw 

Ntpr (B. 37) 

It follows that the flow velocity within the tube therefore will be: 

0 

uw =2 (B. 38) 
n D; 

4 

The number of "U-turns" made by the water flow is equal to Npass - 1. If the 

width of the coil face is Wa and equivalent lengths of the U-bends and the connection 

piping for supply and return of water to and from the coil are respectively Leu and Lem, 

the total equivalent length of water flow through the coil can be approximated by: 

FLeq 
= Lepc + Npass Wa + (Npass- 1) Leu (B. 39) 

As to the friction factor (f), the well known Colebrook equation (172) may be 

used for its estimation: 

If ks 1.255 log10 T_-4i 3.4 D; +Re 47 I (B. 40) 

where k is the roughness of the inner tube surface (for copper tubes, ks = 0.015 mm). 

Since f in the Colebrook equation is implicit, solution of f requires an interative 

procedure. The following equation (30) is a more convenient alternative: 

6l 
Re) f=0.001375 11+(20000 + 

113 
f (B. 41) 

If the coil water pressure drop is known from manufacturer's data, the pressure 

drop at flow rates other than the specified flow rate can alternatively be approximated 

by: 
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0 
V2 

0 
(B. 42) 

The above equation however may not be a good approximation if the actual flow rate 

deviates largely from the specified flow rate Vo for which the pressure drop ApWO is 

given. 

B. 2.5 Air-side pressure drop 

For plate-finned coils, the air-side pressure drop can be evaluated by (28): 

APa _ 
Pmu {1+G2(P11)ýfAa} 

(B. 43) 
2P1 P2 Ac pm 

where pl & P2 are respectively the air densities at the coil inlet and outlet and 

pm = mean density = 
(-2) 

2 

As for the evaluation of the fin side convective heat transfer coefficient, the 

value of the friction factor (f) needs to be found and this can be based on available 

correlations obtained from experimental measurements. McQuiston (143,144) provided 

the following correlation for the friction factor of plate-finned coils as a function of a 

parameter denoted as FP: 

f=4.904 x 10-3 + 1.382 (FP)2 

where 

(B. 44) 

FP = Re -0.25 D* I (Xa - Do) 1 -0.4 I Xý. 
-1} 

-0.5 (B. 45) Do 
* 

4(s-y) i 
DD 

and D* is defined as follows: 

A 

D Do 
Aco 

f+X 
Dp 
s 

(B. 46) 
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B. 3 Heat, Mass and Momentum Transfer at Extended Surfaces 

Methods for the evaluation of the heat and mass transfer coefficients and the 

friction factor for a wetted coil are introduced in this section. In a wetted coil, the mode 

of condensation could either be 'dropwise' or'filmwise' (28). However, for aluminum 

fins, it was found that filmwise condensation could take place only if the surface had 

been thoroughly cleaned (144). In practice, the dropwise condensation mode should be 

far more generally applicable. Nevertheless, filmwise condensation is usually assumed 

to be the case in designing coils as it provides a more conservative estimate of the coil 

capacity. Therefore, equations for both modes of condensation are included. 

B. 3.1 Relationship Between Heat and Mass Transfer Coefficients 

The Chilton-Colburn analogy adopted to relate momentum transfer to heat 

transfer, as discussed in B. 2.3. b above, can be extended to cover also mass transfer. 

The rate of moisture transfer between the coil surface and the air stream can be ascribed 

to the difference in concentration of water vapour (C) between the two as follows: 

m- hm (CCs) (B. 47) 

Applying the Chilton-Colburn analogy, the mass transfer coefficient can be related to 

the heat transfer coefficient as follows: 

f 
J (B. 48) =Jm=2 

where 

j={C} Pr2 (B. 49) 
Pa Pa u 

and im = 
h° 

Sc2/3 (B. 50) 

where Sc = Schmidt number =D 
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Since the coil surface is covered by a layer of saturated water (condensate), the 

layer of air immediately above the coil surface may be assumed to be saturated with 

water vapour. Also, because only a very thin layer of liquid water can remain attached 

to the coil surface (otherwise the condensate would drop onto the condensate pan at the 

bottom of the coil due to gravitational effect), the liquid layer and the coil surface may 

be regarded as at the same temperature. 

For convenience in calculating heat and mass transfer in air-conditioning 

processes, concentration of water vapour in a moist air is conventionally quantified by 

humidity ratio (w) (also called moisture content) defined as the mass of water vapour 

per unit mass of dry air. This relationship is: 

C Paw (B. 51) 

Thus, the condensing vapour flux as given by (B. 47) is modified to: 

m" = hm Pa (w - ws) (B. 52) 

where w is the humidity ratio of the moist air and w$ is the humidity ratio of the air 

layer above the surface of the condensate (which is effectively the saturated humidity 

ratio corresponding to the coil surface temperature). 

Defining hd as the convective mass transfer coefficient when w is taken as the 

driving potential, the mass flux is then given by: 

m"=hd(w-ws) (B. 53) 

and hn, & hd are simply related by: 

hd = Pa hm (B. 54) 

Dividing (B. 49) by (B. 50) and substituting (B. 54), the following relationship 
between ho and hd can be found: 
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Cho hd _ 
(SC 2/3 

_ Le 2/3 (B. 55) 

where Le is the Lewis number and the numerical value of Le 2/3 is very close to 1 for 

moist air under normal conditions. Hence, hd can be evaluated based on a known value 

of ho where: 

hd = 
CPa 

(B. 56) 

B. 3.2 Heat and Mass Transfer Coefficients for Plate-finned Surfaces 

According to the Chilton-Colburn analogy, the j factor for a coil handling 

sensible cooling only should equally be applicable for modelling the sensible part of the 

total heat transfer when there is condensation in the coil. However, in McQuiston's 

investigation (143.144) on both dry and wetted plate-finned coils, it was found that the j 

factor correlation for a dry coil (equation B. 27) did not match well with experimental 

data from coils with wetted surfaces. In this case, the j factor was found to be 

significantly influenced by the fin spacing (s). Moreover, the sensible and the total 

(sensible plus latent) heat transfer seemed to be influenced by the fin spacing by 

different degrees. With a narrow fin spacing (over 8 fins per inch), interaction between 

the air stream and the condensate was noted and the effect was found to be more severe 

on the total heat transfer than on the sensible heat transfer. The relationship in (B. 56) 

therefore is not accurate when applied to a `wetted' coil. 

Based on experimental findings, McQuiston (143) proposed the following j 

factor correlations for wetted, (4 row) plate-finned coils: 

a) For sensible heat transfer, 

js = 0.0014 + 0.2618 (JP) J(s) (B. 57) 
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where JP is as defined earlier (B. 28) ; and J(s) is a correction term for sensible 

heat transfer at wetted coil surfaces which is related to the fin spacing (s) and 

the Reynolds number (Res, itself based on fin spacing) as follows: 

for filmwise condensation, 

J(s) = 0.84 + 4.0x10-5 Res1.25 

for dropwise condensation, 

(B. 58) 

J(s) =10.9 + 4.3x10-5 Re, 1.25 1 (s ) (B. 59) 

b) For total heat transfer, 

jm = 0.0014 + 0.2618 (JP) Jm(s) (B. 60) 

where Jm(s) is given by: 

for filmwise condensation, 

Jm(s) _{0.95 + 4x10-5 Re, 1.25 i ýs )2 (B. 61) 

for dropwise condensation, 

Jm(s) _{0.8 + 4x10'5 Res' 25 1 (il S 
Y) 

4 (B. 62) 

When j and jm are known, ho and hm (and hence hd) can then be calculated 

using equations (B. 49) and (B. 50) respectively. Since the correlation function for the j 

factor applies only for 4-row coils, j factors for coils with number of rows other than 4 

need to be corrected according to equation (B. 33). 

B. 3.3 Total Heat Transfer and Surface Effectiveness of Wetted Coil 

On a wetted surface, it can be shown that the driving potential for total heat 

exchange (sum of sensible and latent heat exchange) between the surface and the 
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ambient air can be expressed as the difference in enthalpies between the moist air (ha), 

and the saturated air film above the surface (ha), where hd is the transport coefficient 

(28). Over an elemental surface area of a wetted coil, the total heat transfer between the 

coil surface and the air-stream will therefore be: 

8q = hd ums (ha - hs) SA (B. 63) 

where irres is the surface effectiveness of the wetted heat transfer surface of the coil 

which is there to account for the fact that the surface temperature (and hence surface air- 

film enthalpy) is not uniform over the entire fin and exposed fin collar surface. 

When integrated over the entire heat transfer area, it can be shown that the total 

heat transfer is given by: 

q=A hd lims LMHD (B. 64) 

where LMHD is called the log mean enthalpy difference which is given by: 

LMHD = 
(hal-hs1)-(ha2-hs2) (B. 65) 

In { 
hal-hs } 
ha2-hs2 

where 

hai-hsi = air-stream and surface air film enthalpy difference at entry plane 

hat-hs2 = air-stream and surface air-film enthalpy difference at exit plane 

Through the use of the following artificially imposed linear equation to relate 

humidity ratio difference to the corresponding temperature difference between the moist 

air and the fin surface air film, 

(ws wa) =C Cr. - Ta) (B. 66) 

-B 19- 



where C is assumed to be a constant, McQuiston (171) showed that the fin efficiency for 

a vertical rectangular fin of a height L over a plane surface can be approximated by the 

following equation: 

ýf = 
tanh (M L) (B. 67) ML 

where M is given by 

M= 
kby (1 +CP) (B. 68) 

and hfg = heat of condensation of water vapour 

For plate-finned coils, the fin efficiency can be calculated by: 

tanh (M r (B. 69) elf- 
Mr0 

where 0 is same as that defined for a dry coil (equation B. 20) and equation (B. 24) can 

then be applied to find surface effectiveness of a wetted coil from the calculated fin 

efficiency. However, since equation (B. 66) is an artificially imposed relationship to 

simplify the problem, the value of C is not constant but varies along the air-flow 

direction through the coil. Its value is particularly sensitive to the on-coil air condition. 

As an approximation, the average value of C at the entry and exit planes is 

recommended for use in the evaluation of M. 

B. 3.4 Air-side Pressure Drop Across a Wetted Coil 

Equation (B. 43) still applies in estimating the air-side pressure drop across a 

wetted coil. However, similar to the heat and mass transfer coefficients, the correlation 

function for evaluating the friction factor (f) has to be modified into the following form: 

f=4.094x10,3 + 1.382 1 FP F(s) 12 (B. 70) 
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where F(s) is a correction term to account for the effects of presence of condensate on 

the coil surface and is given by: 

for fiimwise condensation, 

F(s) _{0.6 + Res 0.15 1 (s y)"3 (B. 71) 

for dropwise condensation, 

F(s) _{0.325 + Re, -O' 05 l (s y)-3 (B. 72) 

B. 4 Adjustments to Heat, Mass and Momentum Transfer Coefficients 
for Corrugated Fins 

The correlations described in the preceeding sections for evaluating the heat and 

mass transfer coefficients apply only to flat plate fins. Most coils in air-conditioning 

systems however have corrugated fins and therefore, in modelling their performance, 

the coefficients must be modified accordingly. The empirical correlations due to 

Beecher and Fagan (141) for calculating the heat and mass transfer coefficients for 

corrugated fins are summarized in this section. 

B. 4.1 Fin Pattem 

The simplest fin corrugation pattern is the triangular wave pattern as shown in 

Figure 5.6, which is the fin pattern upon which Beecher & Fagan (141) based their 

experimental studies and developed their empirical correlations. Although fin patterns 

of actual coils may not be exactly the same, Beecher & Fagan's (B&Fs) correlations 

should provide a reasonably good estimate of the heat and mass transfer coefficients. 

With the triangular fin pattern, the total fin area (A) is increased by a factor of A fp/Arf 

given by: 

Ä= sec (0) (B. 73) 
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22 

and sec (0) = 
Xf E 

(B. 74) 
f 

B. 4.2 Heat Transfer Correlation Parameters for Patterned Fins 

In B&F's correlations (141), the Nusselt number (Nu) is correlated with the 

Graetz number (Gz) and their definitions are: 

Nu = 
h0 Dh 

(B. 75) 
a 

Re Pr Dh 
Gz = Nr xb 

(B. 76) 

where Dh is the hydraulic mean depth of the finned coil defined as: 

_4x 
Air Volume 

Dh - Total Surface Area 

which can be expressed in terms of the coil configuration parameters as: 

2sa 
Dh = 

a sec(6) + 
DÖ (1 - ß) 

(B. 77) 

The value of Re is calculated based on the flow velocity at the core area (uc) and the 

hydraulic mean depth (Dh) (i. e. Re = Pe uc Dh / µa). 

The Graetz number (Gz) is a dimensionless measure of the level of flow 

development. Based on the understanding that the air flow in the narrow spacing 

between the fins is predominantly developing laminar flow, Gz was chosen by Beecher 

& Fagan as the correlation parameter and through which good correlation results were 

obtained with the experimental data. 

Substituting (B. 77) for Dh in (B. 76) and using the definition of Re where uc _ 

-ý , Gz may be expressed as: 
6 
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°ý -ý- -ý ,ýý , t,,., ý, . ý-ý ,__--ý..... .. n, 

Gz= 
4pas2 Pr uaa (B. '19) 

Pa Nr Xb 1a sec(O) +- (1 - a) 12 

B. 4.3 Beecher & Fagan's Correlations for Nu 

a) Nusselt Number Evaluation Based on Arithmatic Mean Temperature Difference 

The temperature difference between the fin surface and the leaving air is usually 

small in cooling coils. Hence, if the log mean temperature difference (LMTD) calculated 

from measured temperature readings is used in determining the value of ho, any 

inaccuracy in measurement would give rise to large errors to the resultant value of ho. 

To circumvent this problem, Beecher & Fagan made reference to the arithmetic mean 

temperature difference (AMID) in the determination of the Nusselt number (denoted as 

Nua) instead of that based on the LMTD (denoted as Nul) but the two are related by: 

Nuß = 0.25 Gz In 
1+2 

Gz 

12 GNIHA z 

b) Reference Coil Configuration Parameters 

(B. 79) 

The basic empirical correlation due to Beecher & Fagan for calculating Nua at 

patterned fin surfaces was based on the following reference coil configuration: 

Nr, ref =3; 

Xb, ref = 1.083 in (27.5 mm).; 

Sref = 0.077 in (1.96 mm).; 

Pd, ref = 0.038 in. (0.97 mm) 

Xa"ef = 1.25 in. (31.75 mm) , 

Do, ref = 0.5 in (12.7 mm).; 
Np, ref = 3; 

Additional correlations were developed so that the value of Nua based on the reference 

configuration (Nua, ref) can be corrected for applications to coils with different 

configurations. 
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c) Flat Fins 

The following correlation equations are given by Beecher and Fagan for the 

evaluation of Nusselt number for flat-finned surface (Nut) which were derived based 

on the reference coil configuration except that here, Pd = 0: 

(Gz 0.822 
Nuafref = 4.17 10l 

Gz 0.725 
Nuaf, ref = 4.37 10) 

(Gz 0.664 
Nuaf 

ref = 4.64 ` 10 
) 

(7 5 Gz < 15) (B. 80a) 

(155Gz<30) (B. 80b) 

(30 S Gz S 100) (B. 80c) 

The empirical equations for correcting the Nuaf estimated from the above 

equation for a coil with number of rows, Nr, and a tube spacing ratio a (= xb/xa) that 

are different from the reference coil are as follows: 

i) Corrections for different number of rows 

R_ 
NuafNr 

_N 
[0.22 (Gz130)0.626] 

(2: 5 NS 6) B. 81 RNr = NUaf3r 3) r 

ii) Corrections for different tube spacing ratios 

_____ 
[0.227 (Gz/30)0.163] 

Ra - Nuafa, 
ýf 

(1.0332 aý (B. 82) 

The effects of variations in fin spacing (s) on the correlation between Nuaf and 

Gz appeared to be negligible. 

d) Corrugated Fins 

The following set of correlation equations are given for calculating the Nusselt 

number for corrugated fin surfaces, which were derived based on the reference 

configuration except for the value of Pd: 

, Denoting Pd 
Pd 

as 'Ed 
, ref 
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0.046 
Nuap, ref = 3.31 Ed (Gz = 7) (B. 83a) 

0.107 Nuap, ref = B. 55 Ed (Gz = 15) (ß. 83b) 

0.182 
Nuap, 

ref = 11.57 Ed (Gz = 30) (B. 83c) 

0.293 
Nuap, ref = 24.68 'Ed (Gz = 80) (B. 83d) 

Correlations given for correcting the estimate to correspond to different number 

of fin patterns per length of Xb (Np) are as follows: 

ü2_ (3 )X RNp =N N (B. 84a) 
a3p 

where, for s=0.077 in. (mm), 

0.25 Gzy 
x=0.0942 Ed 30 (B. 84b) 

-0.516 y=3.22 Ed (B. 84c) 

and, for s=0.094 in., 

Gz 0.21 
x=0.4354 (30) (B. 84d) 

Corrections for different fm spacings (s) are as follows: 

RS = A+ B Sf +C Sf (B. 85) 

where 

8f 
Sref (B. 86) 

A=B. 3440 - 7.3143 RI + 1.9632 R2 (B. 87a) 

B= -7.4749 + 10.812 R1 - 3.3375 R2 (B. 87b) 

C=2.1239 - 3.4981 R1 + 1.3743 R2 (B. 87c) 
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and 

0.113 GZ (- 0.0315 Ea° 
144 ) 

R1 = O. H29 Ed 10) 
(B. 88) 

0.061 Gz (- 0.006) 
R2 = 0.942Ed O1Oý (B. 89) 

From the results of Beecher & Fagan, it was shown that the effects of variations 

in Do and xa on the correlation of Nua on Gz are minimal and hence, no correction to 

the calculated value of Nua is required for the differences in these parameters. 

B. 4.4 Application of Beecher & Fagan's Correlations 

Since the heat transfer coefficient ho for flat-finned coils can be evaluated from 

McQuiston's correlations, the main concern here is to evaluate the ratio of ho between 

corrugated and flat fins (Nuip/Nulf calculated from the correlations). Hence, the 

procedures of applying Beecher & Fagan's correlations for determining the effect of fin 

corrugation are as summarized below: 

a) Based on the actual coil configuration parameters and operating conditions, 

calculate Gz using on equation (B. 78). 

b) Based on Gz calculated, select the appropriate equation in (B. 80) to evaluate 

Nuaf, 
ref" 

c) Calculate RNr & Ra using (B. 81) & (B. 82) and use them to correct Nuafref as 

follows: 

Nuaf = RNr Rat Nuaf, ref (B. 90) 

(As effects due to variations in Nr and a from the respective reference values 

should be very similar for both the corrugated and flat fin surfaces, this 

correction is not necessary if only the ratio of ho needs to be found. ) 
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d) As equations for Nuap, nf are given only for specific values of Gz (see equation 

B. 83), Nuap, ret corresponding to the case under concern has to be found by 

interpolating between values from equations corresponding to the next larger 

and smaller values of Gz (denoted as Gzj & Gz; respectively). This is done by 

linear interpolation between the log-log plot of Nuapmf vs Gz and accordingly, 

the interpolation equation can be expressed as: 

(GZ )Z (B, 91) Nuap, ref = Nuap, ref, i U 

where 

In[ 
Nua 

rii 

Z_ 
Nuap 

. ref. i 
J 

(B. 92) 
Gýi 

In {} Gz; 

and Gzj _< Gz < Gz; 

e) Calculate Nuap by correcting the value of Nuap, ree using RNr, Ra, RNp & R, 

from equations (B. 81), (B. 82), (B. 84) & (B. 85) as follows: 

Nuap = RNr Ra RNp RS Nuap, 
ref (B. 93) 

f) Convert Nuaf & Nuap into Nulf & Nulp by applying equation (B. 79) and then 

calculate the ratio of Nulp to Null as follows: 

1 +2 
NG 

In 
{- 

NUan 
h2_ NulD 

-12 
Gz (B. 94) hof - Nulf 

1+2 
Nu af 

In{ Gz 

1-2NG 

Having evaluated the above ratio, the heat transfer coefficient at corrugated fins may be 

calculated by multiplying the ratio by the value of ho calculated based on McQuiston's 

correlations for flat finned coils. 
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B. 4.5 Mass Transfer Coefficient and Friction Factor Adjustments 

The correlation equations derived by Beecher & Fagan apply only for sensible 

heat transfer but whether the same correlations would be applicable to combined heat 

and mass transfer and to the friction factor at corrugated fin surfaces was unknown (to 

verify this formed one of the objective of this work, see Chapter 7). 

B. 5 Dry/Wet Boundary Determination 

Procedures for determining the location of the dry/wet boundary within a finned 

cooling and dehumidifying coil are summarized in this section. They were developed 

based on the methods introduced in the ASHRAE Handbook (140), with the contact 

resistance between the tube and the fin collar included in the calculation procedures. 

However, the metal and fouling resistances were neglected. The latter was neglected so 

that model predictions can be compared against manufacturers performance data of new 

coils (though could easily be included in the model). 

Assuming there exists a dry/wet boundary in the coil (Figure B. 1), the 

following equations can be set-up: 

9dc = ma CPa (Tal 'Tab) = ma (hat 'hab) _v CPw(Tw2 ' Twb) (B. 95) 

9wc = ma (hab - ha2) = mw CPw (Twb - Ti) w(B. 96) 

qc = Sac + qwc = ma (hay - ha2) = mw CPw (Tw2 -T 1) (B. 97) 

Define two parameters, Yr and Cc, as follows, 

Y` ai - a21 (B. 98a) 

and from (B. 97), 

0 

Yr 0 
n1 (B. 98b) 

mwCPw 
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also 

cc = 
Ts - Tw (B. 99) ha - hs 

and it is assumed that Cc remains constant over the wet coil. 

Note that at an elemental section in the air-flow direction, 

&lwc =1lms hd (hä hs) SAwc (B. 100) 

also, if the tube and fin collar thermal resistances and the fouling resistances are 

neglected, then 

5qwc = 
Ts - 

Ä. 
Tw 6Ai 

Rct At + hi 
(s, ioi) 

hence, by equating right hand side of the two equations above and re-arranging, it can 

be shown that 

IAA CC=71mshd( TjA +RctA, (B. 102) 

From equation (B. 95) which applies over the dry coil portion from the inlet 

plane up to the dry/wet boundary, solving for hab yields 

hab = hal -mo (Tw2 - Twb) (B. 103) 
Ma 

Using the definition for Y1, 

hab = hal - 
T"' YrT""b (B. 104) 

It follows that 

Yr hab = Yr hal - TW2 + Twb (B. 105) 
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At the dry/wet boundary, applying equation (B. 99), 

Twb = Tsb - CC (hab - hsb) (B. 106) 

Since at the dry/wet boundary, condensation just starts to take place and hence 

the coil surface temperature must be at the dew point temperature of the incoming air- 

stream, Tal". Thus, 

Tsb_Tal" (B. 107) 

and hab = hal" (B. 108) 

where 

hal" = enthalpy of saturated air with same moisture content as the incoming 

moist air 

Substituting (B. 107) into (B. 106) and then substituting TO from (B. 106) into 

(B. 105) and using (B. 108), (B. 105) may be written as: 

Yr hab = Yr hal - TW2 + Tal" - Cc hab + Cc hal" (B. 109) 

Re-arranging, 

hab = 
Talg - T"'2 + Yr hal + Cc ha111 

(B. 110) Cc+Yr 

From the above equation, the moist air enthalpy at the dry/wet boundary can be 

calculated. If there is actually a dry/wet boundary, the following inequality will hold: 

hal > hab > ha2 (B. 111) 

However, if the coil is fully wet, 

hal < hab (B. 112) 
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or, if the coil is fully dry, 

ha2 > hab (B. 113) 

The above method determines whether the coil is fully dry, fully wet or partly 
dry, and by the same process, the air and water conditions at the dry/wet boundary can 

be determined. Hence, the coil sensible and total heat transfer can then be calculated 

accordingly. 

B. 6 Procedures for Simulating Performance of a Cooling and 
Dehumidifying Coil 

The procedures by which a steady-state cooling and dehumidifying coil model 

has been developed are summarized in this section and in the flow chart that follows. 

Here, the mass flow rates of air and chilled water, their respective entering conditions 

and the physical characteristics of the coil are assumed to be known. The function of 

the model is to evaluate the leaving conditions of the air and the chilled water as well as 

the total and sensible heat transfer rates. Following that, the air and water side pressure 

drops can also be determined. At the start of the solution process, the initial assumption 

is made that the coil is partly dry and partly wet. 

5-1912 Descriptions of calculations involved 

1 Calculate basic parameters - coil heat transfer area, air and water flow areas, 

contact resistance, hydraulic mean diameter, etc. 

2 Assign assumed leaving conditions - make an initial estimate of leaving air and 

chilled water conditions and determine the respective mean bulk temperatures of 

the fluids in the coil. 

3 Calculate transport properties of the fluids - based on bulk mean temperature of 

the respective fluid evaluated from known inlet and assumed outlet conditions. 
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A bank of transport properties data of the fluids must be available for this and 

the required data can be found from standard transport properties databooks. 

4 Calculate j factors, heat and mass transfer coefficients and corrections required. 

The value of hi at the tube side can be evaluated using either the Dittus-Boelter 

correlation (B. 25a) or the Seider & Tate correlation (B. 25b), based on the 

velocity of water flow within the tubes, the type of flow (laminar or turbulent) 

and the transport properties of water found in step 3. 

Based on results of steps 1 to 3, the fin side heat and mass transfer coefficients 

can be evaluated by using McQuiston's j-factor correlations (see Section B. 2 & 

B. 3), with corrections for wet surface effects and for number of rows made 

accordingly. Having calculated the j-factor for sensible heat transfer for the dry 

coil surface and the j-factor for sensible and total heat transfer for the wet coil 

surface, the heat transfer coefficient ho for the dry coil portion and the heat and 

mass transfer coefficients ho and hd for the wet coil portion can be evaluated 

using equations (B. 29 or B. 49, B. 50 &B. 54). Following the method described 

in Section B. 4, the coefficients can be corrected to account for any fin 

corrugation effects. 

5 Calculate the coil surface temperature at the exit plane and the wet fin surface 

effectiveness. The fin effectiveness for both the dry and wet coil surfaces can be 

calculated based on ho at the fin side found in step 4 according to the procedure 

described in Section B. 2.2 & B. 3.3. In calculating the surface effectiveness for 

the wet coil portion, the coil surface air-film conditions have to be known. An 

evaluation of the latter in turn depends on a known value of coil effectiveness. 

Both therefore need to be solved for simultaneously. The procedures developed 

for calculating the fin surface effectiveness were based on the conditions at the 

air exit plane (plane 2) where the off-coil air conditions have been assumed and 

the water entering temperature is known. Details of the procedures involved are 

as follows: 
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a) Equations required for solving Ts2 are as follows: 

i) The saturated humidity ratio (wear) of a moist air sample may be 

related to its corresponding temperature (T) using the cubic 

polynomial (173): 

wsat=a0+a, T+a2T2+a3T3 

where ao = 3.7658x10"3 

a, = 3.0517x10'4 

a2 = 4.648x 1076 

a3 = 3.787x107 

for wsat in kg/kg-dry air and T in °C. Hence, 

ws2=ao +a, Ts2+a2Ts22+a3Ts23 (B. 114) 

ü) The enthalpies of air (ha) and of the saturated air-film above the 

coil surface (hs2) are given by: 

ha2 = CPd Ta2 + W2 (Cps Ta2 + hfg) (B. 115) 

hs2 = CPd Ts2 + ß's2 (Cps Ts2 + hfg) (B. 116) 

Here, ha2 is based on the assumed leaving coil conditions and 

hence is a know value within this process of solving for Ts2. 

iii) The value of C from equation (B. 66) is: 

C= Ws2 - W2 (B. 117) TO - Tat 

iv) The relationship between coil surface temperature and enthalpy 

difference at an elemental section in the wet coil portion (from 

equation B. 106) is given by: 

Ts2 = TW2 + Cc (hat - hs2) (B. 118) 
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in which Cc may be evaluated from equation (B. 102): 

CC=Tlmshd 
IA+R ýAict A 
hi At) 

and 'qms can be evaluated by using equations given in Sections 

B. 2.2 & B. 3.3 based on value of C calculated above. 

b) Re-arranging the equations. 

Substituting (B. 114) into (B. 116) and then substitute the resultant 

expression for hs2 (a function of Ts2) into (B. 118) and re-arranging, the 

following equation can be obtained: 

Co + C1 Ts2 + C2 Ts22 + C3 Ts23 + C4 Ts24 =0 (B. 119) 

where Co = Tw2 + CC (ha2 - ao hfg) 

C1= 1+ CC (Cpd + ao Cps + a, hfg) 

C2 = CC(a, CPS + a2 hfg) 

C3 = CC (a2 Cps + a3 hfg) 

C4 = CC a3 CPS 

which is a fourth order polynomial of Ts2 containing the term Cc which 

is also a function of TS2. Hence, TO can then be found by solving this 

implicit non-linear equation using an appropriate method (e. g. Newton- 

Raphson method (159)). 

c) The solution procedure for in summary is as follows: 

A 
i) Assume a coil surface temperature (TS); 

A 
ü) calculate C and ims based on TS; 
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iü) calculate Cc based on 1j.; 

iv) solve (B. 119) with this value of CC; 

v) compare the value of Ts2 with TS and repeat, with 
TS 

updated in 

each round of iteration, until a converged solution is obtained. 

The surface effectiveness 71 can therefore be calculated in this process. 

6 Compute U values - based on surface effectiveness from step 5, for both the 

dry and wet portions of the coil. 

7 Find the dry/wet boundary and the corresponding dry and wet coil surface 

areas. The value of moist air enthalpy at the dry-wet boundary can be calculated 

following the procedures described in Section B. 5. This value is then compared 

with the entering air enthalpy and the enthalpy corresponding to the assumed 

leaving air conditions for determining whether the coil is fully dry, fully wet or 

partly dry and partly wet. 

a) If the coil is partly dry and partly wet, the dry part heat transfer can be 

calculated based on the inlet and the dry/wet boundary temperatures. 

The areas of the dry and the wet portions can also be found accordingly. 

Knowing the wet coil area, the sensible and total heat transfer at the wet 

portion can be evaluated using the LMHD between the air stream and the 

air-film above the coil surface (see Section B. 3.3). 

b) If the entire coil surface is wet, the surface effectiveness of the coil has 

to be re-calculated, with the value of the coefficient C used in calculating 

the effectiveness replaced by average of the two coefficients (according 

to equation B. 66) at the inlet and exit planes. If the assumption is made 

that the coil characteristic (CC) based on the leaving air condition does 

not change significantly throughout the wetted portion of the coil, then 
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iteration steps can be avoided in the re-calculation of fin effectiveness. 

Knowing the effectiveness of the coil surface, the U value and hence the 

total and sensible heat transfer can be evaluated. 

c) If the entire coil surface is dry, the sensible heat exchange can be 

calculated based on the surface effectiveness and the Ntu method (no 

iteration required). 

8 Calculation of leaving air and water conditions. Knowing the heat transfer rates 

(sensible and latent), the leaving air and water conditions can be calculated 

based on the heat transfer rates and the mass flow rates of the two fluids. 

9 Compare assumed and calculated leaving conditions. Leaving conditions 

evaluated in step 8 are to be compared with those assumed initially. If they 

differ by a significant extent, the calculated values become the assumed values, 

and steps 3 to 12 are repeated until convergence. 

10 Calculation of pressure drops. Having found the dry/wet coil surface areas and 

the friction factors for each portion of the coil, the air side and water side 

pressure drops can be determined using the equations introduced in Sections 

B. 2.4 & B. 3.4. 
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A Flow Chart Showing the Procedures for Modelling Steady-state 
Performance of a Cooling and Dehumidifying Coil 

Calculate basic coil physical and heat and mass 
transfer parameters; 

Assume leaving coil air and water conditions 

1 4- 

Calculate transport properties of air and water, Update 
the heat and mass transfer coefficients for both assumed 

dry and wet coil surfaces and the water side heat leaving coil 
transfer coefficient; air and water 

conditions 
Assume coil surface temperature at exit plane of 

air s), 

Calculate surface effectiveness based on 
STS 

and 
the coil characteristic (Ce); p, 

ýlýs=Ts2 
Solve for Ts2 (using Eq. B. 119) 

11 

If Ts2 matches with 
ýs T 

Yes I 
No -4 

Calculate U values of the coil for dry and wet T 
portions of the coil; 

Determine if coil is completely wet, partly wet 
or completely dry; 

If partly wet, calculate heat transfer area of both 
protions; 

Calculate rates of heat transfer and leaving coil 
air and water conditions 

If calculated leaving coil conditions match with 
the-estimated values 

No -p 
Yes I 

End 
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Appendix C 

Miscellaneous Methods Used in the Building Model 

Contents 

C. 1 Radiation Shape Factors 

Page 

C2-C4 

C. 2 Convective Heat Transfer Coefficients at Wall and Slab C5-C6 

Surfaces 

C. 3 Decomposition of Global Solar Radiation into Direct C7-C8 

and Diffuse Components 
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C. 1 Radiation Shape Factors 

The method for modelling the radiant energy exchange between internal 

surfaces of the walls, slabs and the window of the model room has been outlined in 

Chapter Four. In applying the method, the radiation shape factor (F; j) between each 

pair of surfaces (i & j) has to be evaluated. The methods for calculating shape factor 

between surfaces of an enclosure can be found in many references (e. g. 31,129,135, tja), 

The methods adopted in the building heat and moisture transfer model developed in 

this work are summarized below. 

C. 1.1 Perpendicular and Parallel Surfaces 

For the six enclosing surfaces of a rectangular enclosure, the shape factor for 

each pair of surfaces can be evaluated by using the following formulae (129) for two 

surfaces that are parallel and perpendicular to each other: 

i) Two identical rectangular planes parellel to each other (Figure C. 1): 

F, j =2{ In (l x2)(I+2 2) 
+x 1+y2 tan-1( x+ 

nxy Y 1+y2 

y 1+x2 tan' (- )-x tan' 1(x) -y tan-' (y) } (C. 1) 
y 1+x2 

ii) Two rectangular planes perpendicular to each other and with a common edge 

(Figure C. 2): 

F; =1{w tan-1(1) +h tan'1(1) - h2+w2 tan-1( 
1 

ltw vý' h h2+w2 

I In (1+w2)(1+h2) w2(1+w2+h2) lw2 (h2(1+h2+w2) \h2] 
4 1+w2+h2 (1+w2)(w2+h2) l (1+h2)(h2+w2) l 

(C. 2) 

For two ractangular surfaces of different dimensions that are parallel or perpendicular 

to each other but do not have a common edge (such as the window in the exterior wall 
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(Wall 1, see Figure 8.1) and the other wall and slab), the shape factor between the two 

surfaces can be calculated by first extending the surfaces into the standard form as 

shown in Figure C. 1 or C. 2 and then using the shape factor algebra technique (174). 

This method however is rather cumbersome. The alternative is to numerically 

integrate the fundamental shape factor integral equation for two arbitrary plane 

surfaces (129,174) Ai and Aj as shown in Figure C. 3: 

F'j =1$A$A 
Cos Or Cos 0i 

dA; dAj (C. 3) 
n A; >> >j 

iii) For two rectangular parallel planes with parallel edges (Figure C. 4), the 

numerical formula is: 

Nxi NI Nx2 N2 
AA1ý2 (Zb - Za)2 } 

F12 = 
?C Al i=1 j=1 k=1 1=1 I(xk-xi)2'F{yl-yj)2+(Zb-Zaff 

(C. 4) 

where Nxi, Nyl, Nx2, Nye denote the number of subdivisions of the two plane 

surfaces in the two directions (parallel to the edges of the planes). Other 

symbols used are as defined in the figure. 

iv) For two rectangular, perpendicular planes (Figure C. 5), the numerical formula 

is: 

Nx1 Ni Nx2 N2 
} AA1AA2 { 

LI 

L 

L. r L. r 
(Zb - Za)(xi - Xb) 

F12= 
7C Al i=1 j=1 k=1 1=1 [(xb-x1)2+(Yk-Yj)2i-(Zl-Za)2]2 

(C. 5) 

In the building model, the shape factor between the six enclosing surfaces of 

the room were calculated by using equations C. 1 & C. 2 whereas those between the 

window (Wall 7) and the other walls and slabs were calculated using the numerical 

integral equations (C. 4 & C. 5). Shape factor between Wall 1 (the exterior wall) and 
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other walls and slabs (Fly for j=2,3,.., 6) were evaluated by using the following shape 

factor relationship: 

AlF1i=A8F8J-A7F7J (C. 6) 

where A8 is the total area of Wall 1 and Wall 7 (= Al + A7) and Fgj denotes the shape 

factor between the total surface of Wall 1 and Wall 7 and another wall or slab j. 

C. 1.2 Transformation of Coordinate System 

In using the above equations to calculate shape factors in a computer program, 

the geometric relationship between each pair of surfaces has to be properly defined 

with reference to the coordinate, system based upon which the equations were derived. 

This was done by a linear transformation including a translation of the origin point of 

the coordinates and rotation(s) of the coordinate axis. For instance, if the lower left 

corner of the exterior wall (viewed from inside the room to the wall) is chosen as the 

origin (0,0,0) of the co-ordinate system, Figure C. 5 shows the geometric relationship 

between the window (Wall 7) and the floor slab (Wall 6). The origin will have to be 

translated to the top right corner of Wall 1 and the coordinate system will have to be 

rotated by 180° about the x axis (normal to the exterior wall pointing into the room) to 

bring it correspond to the relationship between the window and the ceiling slab (Wall 

5). 

Calculation of shape factors needs to be done only at the first time a particular 

room is modelled. The shape factors will be stored in a data file for re-use in 

subsequent simulation studies with the same room. 
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C. 2 Convective Heat Transfer Coefficients at Wall and Slab Surfaces 

C. 2.1 Internal Surfaces 

Values of the convective heat transfer coefficent at internal surfaces of the 

walls and slabs used in the building model were adapted from ASHRAE (162). Its 

value depends on the direction of heat flow (horizontal or vertically upward or 

downward): 

Heat Flow Direction Value of Convective Heat Transfer 

Coefficient (h) (W/m2K) (162) 

Upward 4.04 

Horizontal 3.07 

Downward 0.92 

It can be seen that there is a large difference between the convective heat 

transfer coefficients for upward and downward heat flow. For the ceiling and the floor 

slab, the direction of heat flow can be reversed depending on the temperatures of the 

slab surface and the room air. If a sudden change in the value of the coefficient h 

occurs within a solution step, it would cause problems to the numerical solution 

process. To overcome this, the convective heat transfer coefficient used in the 

building model had an interpolated value between those for upward and downward 

heat flow situations (with referene to the temperature difference between the slab 

surface and the room air) when a switch over in heat flow direction was detected. 

C. 2.2 External Surfaces 

As is well known, the convective heat transfer coefficient at a solid surface is 

dependent on the flow velocity of the fluid above it (129,135,174). For the internal wall 
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and slab surfaces (and. the window), a steady indoor air movement may be assumed 

but for the external surfaces, the outdoor air movement varies from time to time 

depending on the wind speed and the wind direction relative to the wall. The method 

used in the model for determining the heat transfer coefficients at the external side of 

the exterior wall and the window was based on the empirial formulae due to Kimura 

(175): 

i) For a windward surface: 

if U>2 (m/s), u=0.25 U; 

if U: 5 2 (m/s), u=0.5 U 

ii) For a leeward surface: 

u=0.3+0.05U 

where U= wind speed above the building 

u= wind speed near the building 

and the heat transfer coefficient is given by: 

h=3.5 + 5.6 u (W/m2K) (C. 7) 

Determination of whether a surface is at the windward or the leeward side is based on 

the incidient angle (y) of the wind velocity vector relative to the normal vector from 

the surface (Figure C. 6). If y is less than 90°, the wall is at the windward side, 

otherwise, the wall is at the leeward side. 
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C. 3 Decomposition of Global Solar Radiation Into Direct and Diffuse 
Components 

In calculating heat transfer into a building due to solar radiation incident upon 

the external surfaces of the building, the total intensity of solar radiation incident 

upon each external surface of the building has to be deterimined. The total intensity of 

solar radiation is composed of two components, the direct component and the diffuse 

component. The intensity of the direct component upon a surface is dependent on the 

incident angle of the direct solar radiation onto the surface. Thus, the total intensity of 

solar radiation upon a surface can be determined only if the direct and diffuse 

intensities and the position of the sun relative to the surface are known. 

Relative position between the sun and an arbitrary surface can be determined 

from the sol-earth geometric relationships and the direction of the surface relative to 

the latitudes and longitudes of the earth and the horizontal plane (the earth's surface) 

(5,175). However, in Hong Kong, the Royal Observatory of Hong Kong meausres only 

the global solar radiation (13), i. e. the total intensity on a horizontal surface. Therefore, 

a method for decomposing the global solar radiation intensity into direct and diffuse 

intensities is required for building heat transfer modelling. The method adopted in this 

work was based on Kimura's work (175) as follows: 

The direct horizontal intensity under a cloudy sky (Q) may be approximated 

by: 

1-P 
'DH-IDH -I-YI'tH 

where 

(C. 8) 

IDH and ITH are respectively the direct horizontal and total horizontal 

intensities under a clear sky which can be determined by using the method 

detailed in the ASHRAE Handbook (5); 
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P is the ratio of cloudy sky total horizontal radiation (the global solar 

radiation) to the clear sky total horizontal radiation, viz.: 

P= 
Iö 

(C. 9) 

Y is dependent on the solar altitude angle (ß) as follows (175): 

Y=0.309 - 0.137 sin (ß) + 0.394 sin2 (ß) (C. 10) 

Knowing IDH , the direct normal intensity under a cloudy sky (IA) can be 

deterimined by: 

* (C. 11) IDN 
sin (ß) 

and the diffuse horizontal intensity (ISH) can be determined by: 

ISH = IT - IDH (C. 12) 

Having determined the direct normal intensity and the diffuse horizontal intensity, the 

solar intensity upon an arbitrary surface can then be determined following the 

methods as given in the ASHRAE Handbook (5>. 
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Figure C. 1 Two identical rectangular planes 
parallel to each other 
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Figure C. 3 Two arbitrary planes 
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Figure C. 5 Two perpendicular planes 
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DYNAMIC MODELLING OF INDOOR AIR HUMIDITY 

F. W. H. Yik 
Senior Lecturer 

Department of Building Services Engineering 
Hong Kong Polytechnic, Hunghom, Hong Kong. 

This paper describes a computer simulation program 
being developed at the Hong Kong Polytechnic for dynamic 

modelling of heat and moisture transport in buildings. At present, 
the program can simulate simultaneous heat and moisture transfer 
in the walls and slabs of a room and its effect on the room 
temperature and humidity. Effects of outdoor weather and air- 
conditioning are simultaneously simulated. Presented in this paper 
include: discussions on why indoor humidity modelling is needed; 
a review of relevant works reported in various literatures; 
descriptions of the models incorporated into the program; and 
simulation results obtained by using the room and system models 
that have been developed. 

INTRODUCTION 
It is well known that humidity level affects occupants' 

comfort and performance of air-conditioning systems. When 
indoor humidity in an air-conditioned room is high, occupants 
would feel uncomfortable (Fanger 1970) and would try to lower 

the thermostat set-point so as to retain comfort. This would 
increase the space heat gain and hence more energy would be 

consumed for air-conditioning. Besides, prolonged high indoor 
humidity (>70%) would promote growth of molds and mildews at 
wall and furniture surfaces which might affect health of occupants 
and cause deterioration of materials in buildings. When the cooling 
load or the room sensible heat ratio in an air-conditioned room is 
low, indoor relative humidity rising above 70% is not uncommon 
in buildings situated in a place with humid weather like Hong 
Kong. High indoor humidity will also arise when the air- 
conditioning system is intermittently operated while there exist 
moisture sources (e. g. infiltration) during the shut-down period. 
Moisture adsorption and desorption effects of building materials 
also play an important role in indoor moisture content changes. 

As most building materials like concrete, wood, wall 
finishes, etc. are porous materials (Whiteley et al. 1977), moisture 
can migrate into or out of the interstices of the material. This 
provides a storage capacity for indoor moisture, similar to the 
thermal storage effect for sensible heat. Part of the moisture 
brought into or generated within the air-conditioned space will be 
adsorbed by walls and furnitures which will be released back to the 
room air when the air-conditioning system is restarted after a night 
shut-down period. Wong & Wang's measurement (1990) showed 
that the latent load of an air-conditioned office building and a 
library in Hong Kong were both over ten times higher than what 
could be possible due to infiltration and internal sources during the 
morning start-up period. Since this extra latent load on the air- 
conditioning systems is seldom accounted for in system design, 
this may explain why complaints often arise from occupants about 
insufficient cooling during the morning hours in buildings in Hong 
Kong. 

To address to the increasing user requirements in respect 
of higher standard of comfort, more stringent specifications of 

environmental conditions for process work and the demand for 
more efficient use of energy, building and air-conditioning system 
designers must be able to accurately predict the performance of the 
designed building and systems to ensure that the requirements will 
be met. The design processes often involve comparison of several 
alternative designs and selection of the optimal one from them. 
This is particularly important when innovative design ideas are 
employed to provide a solution whereas its economic viability 
needs to be justified. Detail analysis and evaluation of building and 
systems involve large amount of calculations which need to be 
carried-out with the aid of a computer and a good simulation 
program. At present, many building energy calculation and air- 
conditioning system simulation packages are available, both for 
commercial use and for research purposes. Unfortunately, except a 
few that are for research use (see next section), none of them can 
properly simulate indoor humidity variation due to the 
simultaneous effects of moisture adsorption and desorption of the 
building fabric and moisture extraction by the air-conditioning 
system. 

Besides lacking in moisture modelling capability, these 
packages also have short comings in one way or the other. First, in 
these packages, values of thermal properties of building materials 
are often assumed to be constant values. Thermal conductivity of 
building materials however vary significantly with moisture 
content whereas the moisture content within the material also 
varies. For example, the thermal conductivity of a light weight 
concrete deviates by more than 10% over the normally assumed 
moisture content range of 3 to 5% (by volume) for a concrete 
external wall (Stuckes & Simpson 1986). This deviation in thermal 
property, if not taken into account, could give rise to over or under 
estimation of the heat flow through the building envelop and thus 
could lead to wrong sizing of equipment or even wrong choice of 
system selection. Second, building thermal load is normally 
calculated first, based on a constant indoor condition, and system 
performance are then determined based on the load calculated in 
the first stage. In reality, system performance affects the thermal 
load in buildings. Accurate estimation of them therefore needs a 
simultaneous solution (Clarke 1986). Third, radiation energy 
exchange among internal surfaces of a building zone are often 
estimated by over-simplified approaches (such as environmental 
temperatures based on a cubical enclosure with black surfaces 
(CIBSE 1986)). How a reference temperature should be established 
for calculation however is still subject to argument (Uyttenbroeck 
1990, Davies 1990) and the accuracy of this kind of method is not 
always good in cases where room configuration is non-typical or 
when the actual temperature differences among internal surfaces 
are large. 

To address to the local need for an appropriate 

simulation tool for thermal load and indoor humidity analysis, 

attempt is being made at the Hong Kong Polytechnic to develop a 

computer program that can properly model the heat and moisture 
exchange between the indoor air and the building envelop, and the 
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heat and moisture extration rate of the air-conditioning system 
when it is in operation. At present, a simulation program has been 
developed which is an intermediate result of the work. The theories 
and approach adopted in development of models in the program are 
introduced and results of studies obtained by using this program 
are discussed in the following sections. 

SIMULTANEOUS HEAT AND MOISTURE TRANSFER IN 
BUILDING MATERIALS 

As moisture adsorption and desorption at porous building 

materials has a significant effect on indoor humidity variations, it 

must be properly modelled in the development of a simulation 
program for predicting indoor heat load and humidity variations. 
To do this, the theory of simultaneous heat and moisture transfer in 

a porous medium has to be employed in the program formulation. 
Studies on simultaneous heat and moisture transfer in 

porous media have been actively pursued by engineers and 
scientists for more than 50 years and a number of theorectial 
models had been proposed for its description. Among the earlier 
works in this subject, those of Philip & DeVries (1957), Luikov 
(1964,1966,1975), Harmathy (1969), Berger & Pei (1973) and 
Whitaker (1977) provided much insight into the problem. 
However, to mathematically describe simultaneous heat and 
moisture transfer in a porous medium and to solve the resultant 
equations are much more difficult than to model sensible heat 

transfer alone. First, there are several possible mechanisms (and 

theories) of moisture transport in porous media, such as liquid 
diffusion, vapour diffusion, capillary flow, convective transport 
and evaporation and condensation, and it is well known that 
temperature gradient across the medium has a signicicant effect on 
the moisture flux (Luikov 1966, Harmathy 1969, Whitaker 1977). 
However, which mechanism is the dominant one in a particular 
material under a specific set of conditions is often unknown and it 
is possible that the moisture transport is a combined effect of more 
than one of these mechanisms. In fact, there is yet no single theory 
or explanation that is known to be universally adaptable for 

modelling moisture transfer in porous solids. Second, the moisture 
transport phenomenon depends also on the pattern of pore size and 
shape distributions that exist in the porous system and on how the 
voids are inter-connected but it is extremely difficult to accurately 
describe these for a real porous solid (Scheidegger 1974). Due to 
these complications, models invariably are full of hypothesis and 
assumptions which limit their generality of application. 

The other difficulty that is often faced by modellers is the 
lack of material properties data for use with the moisture transfer 
models. Value of some transport properties vary drastically with 
moisture content in the medium, e. g. the moisture diffusivity of 
simple Fick's Law like models (Bomberg 1974) and the 
permeability of materials in simple vapour diffusion models 
(McLean and Galbraith 1988), but precise data are generally 
lacking or insufficient in the literatures. Also, the kind of required 
data differs between models developed based on one theory to 
another and in general they are not inter-convertable. 

A comprehensive summary of different theories 
proposed by various researchers can be found in the report by 
Kerestecioglu et al (1988). In appendix A of that report, the model 
equations of the liquid diffusion, capillary flow, and evaporation 
and condensation theories and those of Luikov's, Philip and 
DeVries's and Berger and Pei's theories are described. It must also 

be mentioned that material properties data and sorption isotherm 
data for a collection of building materials for use with these models 
are summarised in another appendix of this report. Data like these 
for a much wider range of building materials are highly necessary. 

Notwithstanding there are still uncertainties in the 
theories, attempts have recently been made to apply them in 
investigations of simultaneous heat and moisture transport in 
buildings. Among various attempts made, the lumped parameter 
approach appeared to be a popular choice due to its simplicity and 
analytical solution can be obtained in some simple cases (e. g. 
Becker & Jaegermann 1982, Cunningham 1983). Tsuchiya (1980) 
developed a simple model for indoor humidity analysis which was 
an early attempt. In his model, assumption was made that moisture 
adsorption and desorption took place only in a thin layer at the 
building fabric surface. The humidity ratio in the air film at the 
room fabric surface was related to the moisture content at the 
surface layer of the material by a simple equation which actually 
was a piecewise linear fit of the sorption isotherm of the material. 
The average moisture content at room surfaces however need to be 
determined experimentally. Kusuda (1983) developed a surface 
probe for measuring the coefficents for use with Tsuchiya's model. 
This model is an attractive one due to its simplicity but 
unfortunately, not much corresponding materials data have been 
published. 

The approach of using a Fick's Law like equation to 
relate moisture flux to either a moisture concentration or a vapour 
pressure gradient has been applied in studies on effect of moisture 
storage of walls on indoor air latent load (e. g. Isetti et al 1988, 
Wong 1990 and Wong & Wang 1990). Cunningham (1990) has 
also developed recently a 3-D model using vapour pressure 
gradient as the driving potential for moisture movement in solids. 
Problem with this approach is in availability of appropriate data of 
diffusivity or permeability and they are strongly dependent on the 
moisture content. Often, constant values were assumed in analyses 
(e. g. Wong & Wang 1990). 

Fairey & Kerestecioglu (1985) have developed a finite 
element model called MADAM, based on Luikov's differential 
equations (1964,1966,1975), for simulation of simultaneous heat 
and moisture transfer in building materials. The model is an 
elaborated one and has been validated against some experimental 
data. Unfortunately, due to the use of 'Mass Transfer Potential' 
(Luikov 1964) as the driving protential for moisture movement, not 
much transport data of materials are available for use with this 
model. Kerestecioglu, Swami & Kamel (1990) further proposed the 
'Effective Moisture Penetration Depth' (EMPD) theory to simply 
the analysis. With it, the simple lumped parameter approach can be 

used and thus would require less effort in the solution process. 
Unfortunately, the effort for obtaining appropriate values of EMPD 

could be substantial. Further, as the authors themselves remarked, 
this concept need to be used with caution and good judgement and 
different values of EMPD may be required for different operating 
conditions. 

The evaporation and condensation theory has been 

adopted to formulate mathematical models for describing moisture 
transport in building materials. Such a model has been proposed by 

Kerestecioglu & Gu (1990), as an alternative to the Luikov's 

theory. The equation to be solved is slightly more complex than 

those of Luikov's theory but more material properties data are 

available for this type of model (Kerestecioglu et al 1988). 
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Harmathy (1969) derived a set of partial differential equations for 
simulation of simultaneous heat and moisture transfer in a porous 
medium during the pendular stage (no bulk liquid movement) and 
used them to study drying of a piece of brick. Huang (1979) and 
Huang et al (1979) also presented similar equations (see next 
section) and used them to simulate drying of a concrete slab and a 
slab of cement paste. Their equations were derived based on 
conservation of mass of vapour moisture and dry air and 
conservation of energy, resulting in three non-linear partial 
differential equations. Moisture transport was assumed to take 
place only in the vapour phase but liquid moisture content within 
the porous medium would vary due to evaporation or condensation 
and would affect the rate of vapour transport. Vapour transport 

mechanisms modelled included vapour diffusion, convective flow, 

evaporation and condensation and effect of a temperature gradient. 
The sorption isotherm of the material was employed to relate liquid 

moisture content to thermodynamic states of the water vapour/air 
mixture within the pores of the medium and thus provided a closed 
set of equations. 

General Features 
A simulation program is being developed at the Hong 

Kong Polytechnic for dynamic modelling of simultaneous heat and 
moisture transport in buildings. At present, the program can be 

used to simulate variations of indoor temperature and humidity in a 
simple rectangular room due to the heat and moisture exchanges 
between the room air and the enclosing walls and slabs (a single- 
zone model). Simultaneous effects of outdoor weather and air- 
conditioning on the room fabric and indoor air conditions can be 

simulated. The room comprises four walls, one ceiling slab and one 
floor slab. One of the walls can be an external wall with a window 
on it (see Figure A), which is exposed to incident solar radiation 
and outdoor air. The wall opposite to the external wall is assumed 
to be a partition wall separating the room and a corridor with 
contant air temperature and humidity which may be different from 

those in the room. The room being modelled is assumed to be a 
typical cell in a building with idential cells at both sides and at 
above and below. 

Mathematical Models 
Wall/Slab Model In the simulation program, heat and 

moisture transport in individual layers of materials within the walls 
or slabs are modelled based on the set of non-linear partial 
differential equations developed by Huang (1979) based on 
Harmathy's theory (1969). This model is chosen due to its sound 
theorectical grounds, the variables chosen as heat and moisture 
transfer driving potentials are continuous across adjoining layers of 
different materials (and hence the model is readily adaptable to 
multi-layer analysis), and data for use with this model is relatively 
more easy to obtain from literatures (Kerestecioglu et al 1988). The 
equations of the model are of the form as follows: 

^; aýc+B1" +ciä 

= v; a+E; - ax2 + F; a+c; ca )2 + H; (aX)2 

ca )2 + J; (ai a) + K; (a .)+L, (' ä) 

for I=1,2 & 3, denoting respectively conservation 
equations for mass of vapour, mass of air, and energy; where ý is 
the mole-fraction of vapour in the moist air; P is the moist air 
pressure; and T the temperature. Al to Li are coefficients with 
values dependent on the local state of the medium, the transport 
properties of the medium, and the local equilibrium moisture 
content as governed by the sorption Isotherm of the material. 
Mathematical expressions for evaluation of these coefficients are 
detailed in Huang's paper (1979). 

The set of non-linear partial differential equations has 
been discretised into a set of algebric equations using an implicit, 
backward-in-time finite difference scheme. The set of nodal 
equations (three algebric equations for each nodal point) 
constitutes a finite difference model for the room envelop. The 
finite difference model has been formulated to enable multi-layered 
walls and slabs be simulated using the program. 

Convective Heat and Moisture Transfer at Wal /Slab 
Boundary Surfaces Rate of convective heat exchange between the 
outdoor or room air and the boundary surface of a wall or slab is 

evaluated using the Newton's Law of Cooling. The convective heat 
transfer coefficient is determined by using equations given by 
ASHRAE (1975). For the outdoor side of the external wall, the 
coefficient is evaluated with reference to the wind speed and 
direction whereas the indoor side coefficient is determined with 
reference to the direction of heat flow. Similar to heat transfer, 
moisture exchange at wall surfaces is calculated based on the 
surface to air vapour mole fraction difference and a mass transfer 
coefficient which is determined based on the convective heat 
transfer coefficient and the Lewis' relationship (Kerestecioglu et al 
1988). 

Solar Radiation Model Intensities of direct and diffuse 

solar radiation incident upon the external wall and window is 
determined based on global solar radiation (total horizontal 
intensity) data contained in the weather data file. The global solar 
radiation is first decomposed into direct normal and diffuse 

components using Kimura's model (1977) and intensities on the 
external wall are then calculated based on the incident angle at the 
corresponding time. 

Internal Surfaces Radiation Exchange Long wave 
radiation exchange among internal surfaces in the room are 
modelled following basic principles of radiation heat transfer 
among gray surfaces (Incropera and DeWit 1985). To simplify the 
calculation, both direct and diffuse solar radiation transmitted 
through the window is assumed to be diffuse radiation which will 
be distributed to other internal wall or slab surfaces according to 
the radiation shape factor between the window and individual 

wall/slab surfaces, as for the long wave radiation. 
Window Model The window glass is modelled by a 

lumped equation (an ordinary differential equation) derived from 

heat balance at the window glass and backward-in-time finite 

difference was applied to obtain a numerical model for the 

window. 
Air-conditionine System Model In the program, the air- 

conditioning system model includes a cooling and dehumidifying 
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coil model, a control valve model and a simple pipe flow model. 
The coil model was developed based on detailed theory of heat and 
moisture transfer between the air stream through the coil and the 

surface in a finned coil (McQuiston 1989, ASHRAE 1988). Effects 

of heat capacitance of the coil material and water held in the tubes 

are at present neglected. Options are available for the valve to be 

either controlled by an ON/OFF or a Proportional controller. In the 

present version of the program, time-lag in controller output is also 
neglected. When proportional control is used, the valve 
characteristics is assumed to be an equal percentage valve. Flow 

rate of chilled water through the cooling coil is determined based 

on hydraulic principles under the condition of a given pump head 

and pressure losses through the chiller, the pipings, the coil and the 

control valve corresponding to the flow. Supply chilled water 
temperature is assumed constant. 

Air-node Model The room air condition is also modelled 
by a lumped parameter approach. Two ordinary differential 

equations, one for the air-node temperature and the other for the 
humidity ratio, that were derived respectively from heat and 
moisture balance in the room air, are used to simulate the air-node 
condition changes. They are both discretised into finite difference 
form by backward-in-time finite difference and solved in 

conjunction with equations for the walls and slabs, the window and 
the air-conditioning system. 

Weather Data A weather data file containing actual 
hourly records of Hong Kong weather data in Year 1980 has been 

prepared for use with the simulation program. Outdoor weather 

parameters include temperature, relative humidity, wind speed and 
direction and global solar radiation intensity. 

Other modules of the program include those for 

calculating radiation shape factors, radiation heat exchanges among 
internal wall and slab surfaces, those for psychrometric 
calculations and general mathematical routines for solution of a 

non-linear equation, a system of equations and for interpolation of 

weather data and materials' sorption isotherm data. Cubic spline 
functions are used in such interpolations. 

Numerical Solution of the Mathematical Models 
Numerical Solution Scheme Guass-Seidal iteration 

scheme with under relaxation is employed to solve simultaneously 
the set of coupled equations for the walls, slabs, the window, the 

air-conditioning system and the air-node. 
Time Step Size Control The equations to be solved by 

the numerical scheme is a set of highly non-linear equations. 
Although an implicit finite difference scheme has been used, there 
is still a limit on time step size (and grid size in walls and slabs) 
whereas the criterion for its determination is not easy to work out 
and it also changes with progress of simulation (Huang 1979). In 
the program, a variable time step control scheme has been 
incorporated into the program to minimize chances of divergence 
and to speed up the calculation when the conditions become 
stablised. From trial runs with the program, it was found that the 
time-step size needs to be small at the start of a simulation or after 
the occurrence of a change of condition like starting/stopping of 
the air-conditioning system (in the order of minutes when the room 
is air-conditioned and in the order of seconds when the system is 
shut-down) but can be larger as the simulation proceeds. In the 
program, the time step can be lengthened during the simulation run 
at the user specified rate until the time step reaches the maximum 

value specified by the user. When convergence is not achieved 
after a maximum number of iterations, the time step size will be 
halved and this continues until convergence is achieved or when 
the time step size is reduced to the minimium size in which case 
simulation time will be brought backward by a number of time 
steps and simulation will be resumed from there starting with the 
minimum time step size. This adaptive time step size control 
worked reasonable well in the trial runs. 

General 
The simulation program had been used to model dynamic 

heat and moisture transfer in a typical room at the perimeter of a 
hypothetical building situated in Hong Kong. Geometric 

configuration of the room was as shown in Figure A. 
Construction. Material Properties and Initial and 

Operation Conditions The model room was 3m (W) x 3m (D) x 3m 
(H) in size with a 3m (W) x 1.5m (H) window at the South-facing 

external wall (wall 1). All walls and slabs were composite walls, 
each constructed of 100mm thick concrete with 13mm cement 
plastering at each side. The window was of 6mm thick single pane 
glass. Properties and initial conditions of the wall/slab materials 
and window glass used in the calculations were as summarized in 
Table 1. 

The indoor set-point conditions, conditions in the 
corridor (outside of Wall 3, fixed) and indoor design parameters 
were assumed to be: 

Room air set-point condition temperature : 298 K 

rel. humidity : 50% 
Corridor air condition (fixed) temperature . 300 K 

rel. humidity : 65% 
Number of occupanct .1 person 
Ventilation rate 7 Vs 
Infiltration rate 1/2 air-change per hour 

(continuous) 
Lighting load 225 W 
Air-conditioned hrs. 8: 30 to 17: 00 
Occupied hrs. 9: 00 to 17: 00 (cccupants in and 

lights on) 

Discretisation of Walls/Slabs In the numerical simulation 
study with the model room, the external plastering, the concrete 
core and the internal plastering layer of each wall and slab were 
discretised respectively into 5,15 and 5 sub-layers resulting in a 
total of 26 nodal points for each wall/slab and a total of 156 wall 
nodes for the entire room. Node number 1 and 26 are surface nodes 
whereas node number 6 and 21 are interface nodes between the 

plastering layers and the concrete core. 
Design Cooling Load of the Room Design cooling load 

of the model room had been calculated according to ASHRAE's 

cooling load calculation method (ASHRAE 1989) and design data 
for Hong Kong. U-values used in the calculation were determined 

based on thermal conductivities of the wall and slab materials, with 
liquid moisture content as given in Table 1. This effective thermal 

conductivity was evaluated based on Kingery' empirical formula 

(see Huang's paper 1979). 
Results of the calculation were as follows: 
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Peak Time 14: 00 Oct. 

Peak Cooling Load (W): 

&M. Lx- Total 

Solar 783 0 783 
Conduction (Glass) 175 0 175 
Conduction (Wall) 263 0 263 
Occupants 65 55 120 
Lighting 225 0 225 
Infiltration 33 129 162 

Room Total 1544 184 1728 

Ventilation 61 240 301 

Block Total 1605 424 2029 

Table I Properties and initial conditions of wall materials of the 

model room 

Properties Concrete Plastering QjM 

Dry density (kg/m3) 2600 2200 2500 
Dry thermal 1.44 1.44 1.05 

conductivity (W/mK) 
Porosity (m3/m3) 0.3 0.43 
Dry specific 879 879 750 

heat (J/kgK) 
Permeability of air 2.5x10-14 2.5x10'14 - 

at dry state (m2) 
Initial moisture 0.05 0.15 - 

content (m3/m3) 
Initial temperature (K) 300 300 300 
Emmisivity of surface 0.8 0.8 0.8 

(long wave radiation) 
Absorptance (short wave - - 0.2 

radiation) 
Transmittance (short wave - - 0.4 

radiation) 
Shading coefficient - - 0.53 

Air Conditioning System Based on the design load 
calculation result, a fan-coil unit was selected for the model room. 
Charateristics of the selected unit were as follows: 

Supply air flow rate 0.125 m3/s 
Chilled water supply 0.12 kg/s 
flow rate (valve open) 
Chilled water supply 280 K 
temperature (assumed) 

Coil characteristics: - 
No. of rows :3 
Fin spacing :2 mm 
Face area: 0.12 m2 (600 mm x 200 mm) 

No. of circuits : 1.5 
No. of tubes per row : 10 
Dia. of tubes : 9.53 mm /8 mm (outer/inner) 
Tube spacing : 20 mm / 20mm (transverse/longitudinal) 
Fin thickness : 0.15 mm 
Rated sensible cooling capacity: 1684 W 
Rated total cooling capacity: 2196 W 

Fresh air supply at outdoor condition was assumed to be 
ducted to the return plenum of the fan-coil units at which it would 
mix with the return air. Chilled water flow through the fan-coil unit 
was assumed to be controlled by an ON/OFF controller with on/off 
settings at ±I °C about the set-point. 

Simulation Results 
Results of three simulation runs are presented here. 

Before that, a simulation run had been performed over the period 
of 0: 00 on Ist July to 8: 30 on 4th of July, with the room air 
conditions fixed at the set-point conditions, to allow the room 
fabric to attain relatively steady conditions. The first simulation run 
started from 8: 30 on 4th July till 17: 00 of the same day but with the 
room air-conditioned by the fan-coil system with ON/OFF control. 
This was for investigating effect of air-conditioning on the indoor 
conditions during the normal operating hours. The second run 
started from 17: 00 till 8: 30 on 5th July with no air-conditioning, 
for investigating rate of moisture build-up during the shut-down 
period. The third run continued from ending time of the second run 
till noon time of the same day, for investigating effectiveness of the 
air-conditioning system during the pull-down operation. 

Run No. l (Normal Operation) During the normal 
operating hours, the air-conditioning system was able to limit the 
room temperature from rising or falling outside of the control 
differential of 298± 1K (Figure B. 1) while the moisture content in 
indoor air was kept rather steadily at a level of about 0.0105 kg/kg 
(Figure B. 2). Expanding the time scale showed that both the room 
temperature and moisture content actually were not as steady but 
were fluctuating due to the effects of ON/OFF control (Figure B. 3 
& B. 4). 

Run No. 2 (Shut-down Period) When the air-conditioning 
system was shut-down, the room temperature quickly rose to about 
302 K in 15 minutes (Figure C. 1). The indoor air moisture content 
also started to rise but at a rate that was much slower than 
temperature (Figure C. 2). The increase in room temperature 
steadied-down in about an hour after air-conditioning was stopped 
(Figure C. 3) but indoor moisture content continued to rise steadily 
to about 0.0125 kg/kg just before re-starting time of the air- 
conditioned period in the following day (Figure C. 4). Due to sun 
rise in the early morning whilst air-conditioning was only started at 
8: 30, the indoor temperature further rose to above 303 K during 
this period (Figure C. 3). 

Run No. 3 (Pull-down Period) When air-conditioning 
resumed in the next day, the room temperature dropped quickly 
from around 303 K back to within the controlled range but 
fluctuated rather rapidly, which was the result of the ON/OFF 

control (Figure D. 1). The moisture content also dropped rather 
rapidly at the start but it slowed down after the first several minutes 
from re-starting of the air-conditioning system (Figure D. 2). In 

contrast to the room temperature which remained rather steady 
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after the first 30 minutes (Figure D. 3), it took about two hours for 

moisture content to attain a steady level (Figure D. 4). 

DISCUSSIONS 
From the simulation results, the effects of moisture 

storage at building walls and slabs were found to be significant. In 

the shut-down period, the results (run No. 2) demonstrated that the 
indoor moisture content only rised by a small extent. Had there 
been no adsorption of moisture at wall surfaces, the indoor 

moisture should have risen quickly to a level close to the outdoor 
condition due to the continued infiltration of humid outdoor air into 

the room. The adsorbed moisture were released from wall surfaces 
back into the room air when the air-conditioning was re-started in 

the next day. As opposed to thermal storage, effects of moisture 
storage on indoor air moisture content was much slower and the 

pull-down period required to bring indoor conditions back to the 
desired range took a much longer time than to bring temperature 

alone back to the controllable range (run No. 3). If this moisture 
adsorption and desorption effect is not accounted for in predicting 
indoor conditions and evaluating performance of the air- 
conditioning system, erroneous results will be obtained. 

The results demonstrated that analyses, of indoor air 
humidity transients can be carried-out with the program developed 

and further analyses including conditions in days with more humid 

or colder weather, effects on energy for air-conditioning, effects of 

other type of control systems etc. can also be investigated by using 
the program. The method adopted in describing the moisture 

adsorption and desorption effects of the walls and slabs (Huang's 

equations) however appeared to be too complicated for long term 

simulation analysis as it took a very large computational effort in 

the simulation calculations. In the simulation studies reported here, 

the CPU time required (using a 486 machine) was as long as the 

simulated time. A simplier model for use in year-round simulation 

studies is therefore necessary but the detailed model is still a 

valuable tool for detailed, storter term studies and could serve as a 
reference model for checking accuracy of the simplier model. 
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Summary This paper presents a simplified dynamic model for simulating the coupled heat and 
moisture transfer in fabrics of concrete buildings. Assumptions were made that (1) moisture transfer in 
the wall is dominated by vapour diffusion and is driven by vapour pressure gradient with differential 
permeability being the moisture transport property; (2) evaporation and condensation theory applies; 
and (3) the materials are in pendular state, with reasons explained. The impact of moisture adsorption 
and desorption at building fabrics on indoor air humidity under intermittent air-conditioning was 
studied in an earlier paper by using a more rigorous approach. The study was repeated by using this 
model which gave predictions with similar accuracy but required much less computing time. Besides a 
simpler model, a more efficient numerical scheme was also used. Both the model and the numerical 
scheme are introduced and simulation results are presented. 

A differential permeability model for simulating building heat 
and moisture transfer 

Francis WH Yik BSc(Eng), MSc(Eng), CEng, MCIBSE, MIMechE, MHKIE 

Department of Building Services Engineering, Hong Kong Polytechnic, Hong Kong 

Nomenclature 

C mass concentration (kg/m3 of bulk volume) 
Cp specific heat (J/kg K) 

D diffusivity (m2/s) 
e evaporation rate (kg/m3s) 
hfg heat of evaporation or condensation (J/kg) 

iv vapour flux (kg/m2s) 
k thermal conductivity (W/mK) 
L thickness (m) 

my moisture flux at boundary surface (kg/m2s) 
M molecular weight of the gas or component (kg/mol) 
Pv vapour pressure (Pa) 

q" heat flux at boundary surface (W/m2) 
R universial gas constant (J/mol K) 
RH relative humidity 
t temporal dimension (s) 
T temperature (K) 
x spatial dimension (m) 

Subscripts 
+ the node to the right adjacent to the current node 
- the node to the left adjacent to the current node 
g gas mixture (dry-air and water vapour) 
I liquid 
s solid or saturated state 
v vapour 

Greek symbols 
S permeability (kg/Pa ms or s) 
t differential permeability (kg/Pa ms or s) 

C volume fraction (m3/m3) 
xg permeability of the gas when the porous system is dry 
lg relative permeability when there is liquid moisture in 

the porous system 

tag viscosity of the gas (kg/ms) 

p density (kg/m3) 
mole fraction of water vapour in a dry-air/water 
vapour mixture 

Introduction 

To faciliate assessment of condensation risk in buildings in 
cold climate countries, lots of effort have been paid to 
investigate moisture migration in building fabrics (e. g. [1- 
41). Since interstitial condensation is not a serious problem 
for buildings situated in warm and hot climate regions, not 
much attention has been given to moisture transfer in 
buildings in these places until recently when the impact of 
moisture adsorption and desorption by building materials on 
the indoor humidity level and performance of air- 
conditioning systems has been recognized. For instance, the 
work reported in [5-11] showed the significance of this 
phenomenon. 
Most building materials are porous materials within which 
moisture can stay in their internal voids and, when there 
exist a gradient of vapour pressure or temperature, moisture 
can migrate through the porous materials. Consequently, the 
building fabric materials can adsorb moisture from or 
release moisture to the indoor air thus giving rise to a 
moisture storage effect similar to the thermal storage effect 
in sensible heat transfer in buildings. To study this effect, 
the coupled heat and moisture transfer in the building fabric 
materials has to be properly modelled taking into account 
the heat and moisture balance in the air-zone. When there is 
air-conditioning, performance of the air-conditioning system 
needs to be modelled also but this effect has not been 

studied in detail. 

In the development of a building model, an appropriate 
theory has to be adopted to model the coupled heat and 
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moisture transfer in the porous building materials. Although 
there is yet no single theory proven to be universally 
applicable, amongst the various theories proposed, it has 
been pointed out that Luikov's theory and the evaporation 
and condensation theory are the two most promising ones 
[12]. Since most buildings in Hong Kong are concrete 
buildings, the present study is focused on heat and moisture 
transfer in concrete and cement plastering. Due to the 
peculiar structure of cement gel, there are extremely large 
number of fine pores in concrete and cement plastering, 
disconnected by larger-sized capillary pores [13]. Hence, a 
significant amount of moisture can be detained in these 
materials under normal environmental conditions but the 
liquid water stays primarily in the fine pores and are highly 
immobile. Thus, moisture migration takes place 
predominantly by vapour diffusion and the liquid moisture 
cannot move from one location to another unless first 
evaporated into vapour state. Therefore, under normal 
environmental conditions, the material is under the so called 
pendular state [13-15] and the evaporation and condensation 
theory is a valid model for moisture transfer in concrete and 
cement plastering. Besides the physical validity of the 
theory, consideration must also be given to availabilty of 
transport properties data required for use in conjunction with 
the model. In this respect, there are much more data 
available for the evaporation and condensation theory as 
compared to Luikov's model [12]. Furthermore, as the 
building thermal model is to be coupled to detailed air- 
conditioning system models and a simultaneous solution is 
required, a balance amongst theorectical rigour, accuracy 
and computing efficiency has to be sought. 

A computer model was developed by the author [16] for 
modelling the dynamic indoor temperature and humidity 
changes taking into account the effects of building fabric 
moisture adsorption and desorption and the effects of 
intermittent air-conditioning. The numerial model for the 
building fabric was developed based on the set of detailed 
differential equations due to Huang [14], which is based on 
the evaporation and condensation theory and is valid for the 
pendular state. The model had also been coupled to simple 
air-conditioning system models. Predictions by the model 
showed that the moisture adsorption and desorption effect 
was significant in intermittently air-conditioned concrete 
buildings in Hong Kong but the test runs also showed that 
with this rigorous approach, the ratio between the required 
computing time and the simulated time duration was as high 
as 1: 1 when a 486 PC was used. Comparative analyses by 
using the model and repeating Huang's studies [14,15] 
showed that moisture transfer in a concrete slab and in a 
slab of cement paste were dominated by vapour diffusion 
whereas filtration flow only accounted for less than 2 
percent of the total rate of moisture transfer. With this 
finding, the model for concrete structure (and similar 
materials) of buildings can be simplified by neglecting the 
bulk transport of dry-air and vapour mixture due to filtration 
flow and thus moisture transfer can be ascribed solely to 
vapour diffusion. 

Based on the vapour diffusion model and the evaporation 
and condensation theory, conservation equations on mass of 
moisture and heat energy in a piece of building material 
were derived, resulting in two coupled partial differential 
equations. In this model, the concept of "differential 
permeability" [17] is adopted. The simplified heat and 

moisture transfer model is presented in this paper together 
with simulation results obtained by using the model. A 
method for evaluation of differential permeability is also 
given. 

The differential permeability model 

Permeability and differential permeability 
The conventional model of moisture transfer in building 
materials [17,18] is: 

Jv=BPvo 
L 
'Pvi (1) 

Data of S. called permeability, or its reciprocal (1/8), called 
vapour resistivity, for a large variety of materials can be 
found in lots of literatures, e. g. [18,19]. Their values are 
normally obtained by standardized measurement methods, 
such as the 'Dry-cup' and 'Wet-cup' tests [20]. 

The method for evaluation of moisture transfer, as given by 
equation (1), is obviously valid only for steady-state 
moisture transfer. Hence, the validity of applying the same 
model and the same set of permeability data for the studies 
of dynamic moisture transfer in building materials is 
doubtful. Moreover, the validity of data of S in the 
literatures has also been questioned [17]. It was found that 
there were large discrepancies between values given by 
different literatures for the same kind of material which 
should primarily be due to the different degree of saturation 
of the materials and the different environmental conditions 
under which measurements were carried out. Improved 
method has been suggested to provide more appropriate 
permeability data [17]. 

The rate of moisture transfer in a porous medium is 
dependent on its moisture content and, in turn, the 
equilibrium moisture content in the medium is dependent on 
the ambient vapour pressure and temperature. As there can 
be significant moisture content variation across a slab of 
building material, in studying the dynamic moisture transfer 
in buildings, it is more appropriate to take a differential 
approach where the moisture transfer rate at a given plane 
within the building wall or slab is related to the gradient of 
vapour pressure at that plane as follows: 

DPV 
Jv = -jL az (2) 

whereas the transport property (µ in the above equation), 
called differential permeability (as opposed to permeability 
S [17]), should be a variable which is a function of moisture 
content, i. e. 

µ=µ (Cl) (3) 

Assuming the existence of local thermdynamic equilibrium 
in an elemental section of the porous medium and ignoring 
the hysteresis phenomenon, there will be a unique 
equilibrium moisture content for a given combination of 
vapour pressure and temperature at a local position within 
the medium. Then, the dependence of µ may be related to 
vapour pressure and temperature or simply to the relative 
humidity, 

µ=µ(RH) (4) 
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Calculation of differential permeability 
For one-dimensional moisture transfer in a porous medium 
with a rigid solid phase and homogeneous and isotropic pore 
structures (such as concrete and cement paste), the rate of 
moisture transfer under low pore saturation condition (i. e. in 
pendular stage) is given by [14]: 

Jv=-11gSgPg ax - PgegD 
M 

Mg ax 
a 

(5) 

In this model, moisture transfer mechanisms taken into 
account included vapour diffusion and filtration flow (i. e. 
bulk convection of the dry-air and water vapour mixture). 
Neglecting the filtration flow term by assuming the total gas 
pressure gradient to be negligible and by converting ¢ to 
vapour pressure (O=Pv/Pg),: 

Ma My aPv 

Comparing (6) with (2), the differential permeability 
therefore may be approximated by: 

µ=£gDMaMv (7) 
g RT 

Governing equations 
Assuming equation (2) applies, then for an elemental section 
in the slab, the rate of increase in water vapour 
concentration is given by: 
aT=--5Di 

* V+e (8) 

Further assuming that the material is in pendular state, the 
addition of vapour moisture due to evaporation from the 
liquid phase, e, must be accompained by a reduction in 
liquid water concentration in the pores as described by: 

acl 
at --e (9) 

Adding (8) & (9) yields: 
aJV 

(10) ar (cv + Cl) =- ax 
Since Cv = pv£g & Cl = Piel and considering the liquid 
water density is much larger than the vapour density, 
equation (10) may be approximated by: 

Div Del 
at (CV + Cl) ¢ PI at ax (11) 

Applying equation (2), the above moisture mass 
conservation equation becomes: 

Pl at = äX (µ 5) (12) 

(PCP)B aC = ax (kB ax) + hfg Pl at (13) 

in which (pCp)B is the bulk heat capacity of the medium 
given by: 
(PCP)B = PsCsCPs + Pl£1CP1 + PgEgCPg (14) 

and the bulk thermal conductivity, kB, is evaluated using 
Kingery's empirical formula [14] as follows: 

kB = ((kg)n Eg + (kl)n el + (ks)n Es) i /n (15) 

where n is an empirically determined coefficient which 
equals to 0.25. 

The last term in equation (13) accounts for the amount of 
condensation heat associated with the change in liquid 
moisture content. In deriving the energy conservation 
equation, assumption has been made that there exists 
thermodynamic equilibrium in the elemental section such 
that the temperature of the solid, liquid and gaseous phases 
are identical. 

Equations (12) and (13) are the two coupled governing 
equations describing the heat and moisture transfer in the 
porous medium. Examining these equations reveals that 
there are three variables involved, namely, Pv, T and El. 
Hence, one extra equation is required to close the set of 
equations. The sorption isotherm of the material relating the 
equilibrium moisture content to vapour pressure and 
temperature is used for this purpose: 

E1= Fl (Pv, T) (16) 

ac, LCL, aPV+DCI DT 
(17) at a1' at aT ' at 

Equations (12) and (13) therefore can be written as: 

DP,, aEl 
(Pl ä) 

at + (Pl ä) 
at 

2 
+ag 

aPV 
µ 

ax2 ax ax (18) 

(- h fg pl 
ä) as 

+ [(PCP)g -hfg PI 
DTJ äT 

= 

L2T akB DT 
kB 

ax2 
+ ax ax (19) 

or alternatively in the form of. 

v aPv aT a2P 
all a- +a l2 a, =c 11 aX2 

-+C12 ax (20) 

apv aT a2T aT 
a21 aý + a22 aý . C21 aX2 + C22 aX (21) 

Applying the energy conservation principle and the Fourier's The sorption isotherm equation 
law of conduction, the following energy conservation The sorption isotherm relationship for most building 
equation can be derived: materials are presented as a function of relative humidity 

rather than functions of vapour pressure and temperature: 
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c1= cl (RH) (22) 

Since RH = PvAPvs and Pvs = Pvs (T), the derivatives of el 
with respect to Pv and T can be evaluated by: 

ael L. aI 
aPv aRH aPv 

Del 
-1" 

DEI 
(23) 

.. apv - Pvs aRH 

acl DF-I aRx 

aT aRH aT 
Del Pv'... ate 

. 
Del 

(24) 
"" DT 2 aT aRH Pvs 

where acl/aRH can be evaluated directly from the 
mathematical expression for the sorption isotherm (22) and 
the derivative aPvs/aT can be evaluated from an empirical 
equation for Pvs as a function of temperature such as the 
following one [21]: 

Pvs = 2327"exp{6789(3.4112x10-3 -T) 

5.031 In (293.15 } (25) 

Hence, 

DPVS 
-P (6789 - 5.031) (26) 

DT TT 

RH(6789_5.031)j-- (27) 
DT TT DRH 

The finite difference scheme 

The governing PDEs (eq. 20 & 21) were first partially 
discretized (in the spatial dimension only) into a set of 
ODEs and then solved by adopting the Runge-Kutta-Merson 
[22] scheme. In the derivation of the ODEs, a semi-implicit 
scheme similar to that used in [23] was employed to 
approximate the time-derivatives. With reference to 
equation (20), the numerical scheme adopted is as briefly 
described in the following: 

i) The spatial derivatives of Pv(x, t) may be approximated 
by: 

aPv Pv+ 
(28) ax 2Ax 

a2Pv Pv+ -2 Pv+ Pv_ 
_ (29) 

ax2 (Ax)2 

ii) Following the Crank-Nicolson (C-N) scheme, for a 
function ý(x, t) with time derivative a4(x, t)/at = yr(x, t), 
the time derivative is approximated by: 

X V(x, t+At) + (i-%) yr(x, t) at 

where Ost s1. Applying the C-N scheme and 
substituting the finite difference approximations of the 
spatial derivatives, equation (20) may be written as: 

a aT all at +a12 a, - 

cX 
APv+ - 2APV + APV 

+ 11 
(zx)2 

C12 XAP +-APv+ 
12 2Ax 

nnn PV+ - 2Pv + Pý 
C il 

(ý)2 
+ 

nn 
C12 

Pv 2i V- (30) 

iii) Each APv++ APv & APv_ term is multiplied by At/At to 
become: 

At (APv+/ec); At (APviet) & At (b. P Jet). 
iv) The (APv/At) terms are regarded as (aPv/at) and, after 

re-arranging, equation (30) becomes: 

cli C I) 
-aetý -I +[all +aet 1aä" 

ýAt [. iu 
+. 

Ell] DPV+ 

AX 2 2Ax Dt 

nnnnn Pv+ - 2Pv + P_ Pv+ - Pv- 
cll 

Ax 2 +c12 2x - 

a12 
äý 

(31) 

The merits of using the above numerical scheme include: 

a) the resultant equations become ODEs which are readily 
solvable by methods for solving systems of ODEs such 
as the Runge-Kutta-Merson method; 

b) by setting %=1 (i. e. fully implicit) the numerical 
scheme will be stable; 

c) although the scheme is fully implicit, at the right hand 
side, the time derivatives of the variables (here Pv's) are 

all based on the nth time step and hence can be 
approximated by solved values of the variables at the 

nth time step; and 

d) by applying the Runge-Kutta-Mersion scheme, the error 
of each time step of calculation may also be estimated 
which may be used as a guide-line for controlling size 
of time step to be used without repeating the 
calculations twice with the time step halved. 

The above numerical scheme is applied to discretize the 
governing equations for, interior nodes, the boundary nodes 
and interface nodes of a muli-layer composite wall and the 
resultant finite difference equations are as summaried in 
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Table 1. The set of equations for a composite wall may also 
be expressed as: 

0 
[A1] {PV] = {B1) (32) 

0 
[A2] {Tv} = {B2) (33) 

and [Al's are tri-diagonal matrices. Note that the 113) vector 
in each equation actually contains the time derivatives of the 
variable in the other equation and hence the time derivative 

00 
vectors (P v}& IT) actually need to be solved for 

simultaneously by an iterative procedure. 

Results and discussions 

The simulation runs described in the earlier paper [16] were 
repeated by using the differential permeability model and 
the numerical scheme described above. The study was about 
a typical room of 3m (W) x 3m (D) x 3m (H), constructed of 
concrete walls and slabs with plastering at both sides and 
with a window at the exposed wall (Figure 1& 2). The 
room was air-conditioned intermittently by a fan-coil system 
with On/Off control during the period from 8: 30 am to 5: 00 
pm. Initial conditions of the walls and slabs, the indoor 
design conditions, properties of the wall and slab materials, 
characteristics of the air-conditioning system and the date 
and time of the simulated period were identical to those in 
[16]. Weather conditions used were actual weather data of 
Hong Kong in July 1980. 

Simulation results of the earlier study for a shut-down 
period and a following air-conditioned period are shown in 
Figure 3 and the results obtained in the present study are 
shown in Figure 4. It can be seen that predictions of 
temperature and humidity ratio in the room obtained by both 
models are very close to each other. Another simulation run 
with the moisture adsorption and desorption effect of the 
building fabric ignored gave the results as shown in Figure 5 
which clearly show that when this effect is ignored, the 
indoor humidity ratio would quickly approach the outdoor 
value during the shut-down period due to continued 
infiltration of humid outdoor air into the room - this does 
not match with experience and therefore demonstrates the 
significance of the problem. The moisture released from the 
walls and slabs during the pull-down period increased the 
dehumidification load on the air-conditioning system and 
prolonged the time required for the air-conditioning system 
to bring the indoor humidity back to the normal range. 
These phenomena should be duly accounted for in air- 
conditioning system design. 

The simplified model and the new numerical scheme are 
effective in reducing the required computing time. For the 
shut down period, the ratio of computing time to simulated 
time was about 1: 10 and for the air-conditioned period, the 
ratio was about 1: 6. For the simulation run with moisture 
effect ignored, the ratio was I to above 300. 
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