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ABSTRACT 

Indirect evaporative cooling (lEC) exhibits favourab le potential for energy recovery 

when operated on its own or when it is integrated with a vapour compression system to 

form a hybrid system. However, very few systematic and holistic design approaches 

have been carried out to analyse its strengths and weaknesses relative to other available 

technologies. This thesis reports research on developing a novel low energy air 

conditioning system in which an indirect evaporative cooling unit in the form of a 

polymer plate cross-flow heat exchanger is integrated with a vapour compression 

system or a chilled water coil. 

Two design approaches are taken, one after the other. In the first approach the thermal 

aspect of this particular heat exchanger is described (Chapters 1 to 3). A model for 

basic effectiveness is developed from the physical principles involving energy balance, 

use of moist air properties and a psychrometric chart. This new development explains 

the sensitivity of effective operating conditions and the link between sensible heat ratio 

and flow ratio. 

In the second part of this thesis, (chapter 4 to 7) a functional design approach is 

enlployed that considers criteria which are common to air conditioning system design 

and product development. For the DICER system, technology assessment and the 

original case study for ventilation air pre-treatment are described. This part of the thesis 

also describes life cycle costing, materials, manufacturing and the influence of volume 

production on cost along with a case study. 

When considering manufacturing or fabrication on a larger scale a simple tool using 

geometrical relations of the mould size, shape and material specifications is used to 

estimate the material quantity for large scale production. This is illustrated with a 

specific model of heat exchanger housing and considering fibreglass as a preferred 

material for fabrication. An economic evaluation is carried out based on the material 

requirements for existing manufacturing and proposed manufacturing method. Cost 

reduction opportunity is presented using optimised batch quantity. This cost reduction 

is then extended to other models of the heat exchanger housing and compared with 

XVll 



existing manufacturing methods. This total approach of combining thennal SCIence 

with materials, production and engineering design activity identifies the strengths, 

weaknesses and suitability of this method of air conditioning for commercial 

exploitation. The research conducted by this approach has provided valuable insights 

and understanding of the technology as well as its merits and limitations when 

compared with existing commercial products such as vapour compression systems. 

A life cycle cost (LCC) analysis method is developed based on the operating cost, initial 

cost, perfonnance and discount rate over future time for the economic lifetime of the 

product. This model compares the life cycle cost of a particular design or product when 

evaluating several energy recovery options. This costing tool will aid design engineers 

to establish a balance between performance and cost. Alternatives with different design, 

perfonnance and initial costs are assessed and analysed for operating life, taking 

replacement within the comparison period into account. 

The key contributions of the work described in this thesis are: 

1. A simplified effectiveness mode] based on sensible heat ratio and uSIng a 

psychrometric chart which explains sensitivity of effectiveness when 

considering dry and wet surface heat transfer. 

2. The case study involving ventilation air pre-treatment in a commercial building 

using the DICER method of energy recovery, where the cross-flow polymer 

plate heat exchanger is integrated with the chilled water coils supplied from the 

main plant. 

3. Qualifications to the benefits of this method of ventilation air pre-treatment for 

peak delnand reduction as well as annual energy conservation combined with 

site evaluation for potential application in retrofit operation. 

4. Guidelines are developed based on the knowledge gained throughout the case 

study which will aid similar future designs. 

5. Technology assessment is carried out to point out the strengths and weaknesses 

of the DICER system for its next stage of design optimisation. 

6. A simplified quantity estimation technique is presented using the geometric 

relation of mould shape; size and material specification. Optimum batch 

quantities are presented for the existing and recommended method of 

manufacturing for further cost optimisation. 
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CHAPTER 1. INTRODUCTION TO THE THESIS 

1.1 Introduction 

This thesis analyses and describes an alternative hybrid system of air conditioning that 

combines a polymer plate heat exchanger (PPHE) with a vapour compression system 

for its operation. The significance of this method of indirect evaporative cooling is that 

it operates at much lower dew point than traditional indirect evaporative cooling 

systems. The benefits of such an operating system are that it offers the possibility of a 

low-cost air conditioning system with enhanced performance in comparison to existing 

technologies. 

The advantages of a hybrid system include the fact that, first, it largely relies on water 

as a refrigerant and thus minimises the impact of CFC and HCFC based refrigerants. 

Second, it reduces energy consumption by having a smaller vapour compression system. 

At the same time the system recovers energy from the exhaust air in the PPHE 

(A.dhikari 2004). ' 

Energy efficiency contributes to overall reduction in global warming potential, but, it is 

also imperative to consider life cycle cost (Lee) concepts in the design stage. ""This 

thesis focuses on these issues by considering a real life case study and life cyc1e costing 

with a system known as Dual Indirect Cycle Energy Recovery (DICER) of air 

conditioning with the aim of delivering a commercial outcome. 

1.2 Background to Study 

Air conditioning processes involve cooling (removing excess heat), heating, 

humidifying, dehumidifying, filtering and supplying sufficient ventilation air to a 

building in order to provide thermal comfort to the occupants. In addition, air 

conditioning also plays important role examples, such as precision air conditioning 

(computer room and data centre environmental control). Most air conditioning 

processes and systems work on the basic principle of heating and cooling which 

normally use a set of heat exchangers containing refrigerant as cooling media. The 

operation of a vapour compression system is determined by the conditioned space load 
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which is comprised of sensible and latent heat (cooling as well as heating loads). The 

operation of the system being described is controlled by a feedback signal from a 

thermostat and/or a humidistat located in the conditioned space. 

Air conditioning engtneers are conversant with the fact that the humidity and 

temperature within a conditioned space may be controlled by overcooling, followed by 

a reheating technique (Cooling and Zone Reheat Systems). Systems designed according 

to this principle are capable of maintaining a uniform indoor environment reasonably 

well but at the expense of large energy use. On the other hand, the performance of an 

evaporative cooling system is directly related to outdoor conditions and consequently an 

evaporative cooling system alone is not capable of maintaining satisfactory indoor 

conditions. Since the potential difference in temperature of an indirect evaporative 

cooling (lEC) or evaporative cooling is not large enough for heat transfer, larger fans 

are needed to enhance the air movement (number of air changes) and maintain uniform 

indoor conditions while also offsetting the heat loads of the building. 

Escalating energy prices result in increasingly expen ive running costs for compressor 

based air conditioning. This has led to a practice of tight building construction which 

involves reducing the anlount of air infiltration, ex-infiltration, developing improved 

construction materials for better thennal insulation, and more efficient lighting. In 

addition, to address the energy consumption problem resulting from the use of air 

conditioning, the intake of air from outside the building was reduced to a minimum 

level. While this has resulted in smaller compressor based air conditioning systems, 

there was a concomitant reduction in indoor air quality (IAQ) that may have a 

deleterious affect on the occupants' health. 

Throughout the history of comfort air conditioning, the level of intake of outdoor air has 

varied. This has had a direct impact on the capacity of vapour compression energy 

consumption. The method of overcooling and reheating has been discouraged and 

improved techniques have been proposed. These include variable air volume (V A V), 

instead of constant air quantity. These systems reduced the fan power consumption; 

however the operation of such V A V systems has not been entirely satisfactory in terms 

of the air distribution and the infusion of the room air at minimum and maximum flow 

through the diffuser. 
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Recent improvements in compressor technology have been made such as variable 

refrigerant volume (VRV). VRV alters the amount of refrigerant depending on the 

degree of cooling needed. It replaces an inefficient system in which a constant quantity 

of refrigerant flows through the evaporator. Another improvement in air conditioning 

technology is the use of heat exchangers for energy recovery such as the cross-flow 

plate heat exchangers. These heat exchangers can be retrofitted to an existing air 

conditioning system for pre-treatment of outdoor air. These devices offer significant 

energy recovery from the exhaust air at the peak or extreme weather condition, in both 

summer and winter. Depending on the heat exchanger configuration, the flow quantity 

and the heat exchanger's effectiveness, a recovery rate of up to 80 percent may be 

achieved. 

The vapour compression system, which has been developed over the past 200 years (IIR 

1992) is the most common method of air conditioning. The development and progress 

of these cycles is largely due to refrigerants, such as CFC and H'CFC, which possess 

suitable thennodynamic properties. They are stable, non-toxic, inexpensive, and until 

1974, also considered to be environmentally safe (IlR 1992). Vapour compression 

tnachinery utilising CFC and HCFC refrigerants have the added advantage of low initial 

cost and reliability due to numerous technical developlnents over several years, ho\vever 

no longer allowed . 

. There are several methods of air conditioning available on including desiccant cooling 

and hybrid types of indirect/direct evaporative cooling. The emphasis on these methods 

of air conditioning is the separation of dehumidification, which differs from the 

dehumidification achieved due to overcooling in compressor based air conditioning. 

Thus, to achieve high performance in comparison with the typical vapour compression 

system, the most significant energy consumer for any system is the dehumidification 

process. Separation of dehumidification (latent load) and cooling (sensible load) will 

without doubt result in improved energy savings. Furthermore separating a 

dehumidification coil, which has to respond to varying loads, is important in 

determining the overall suitability of the design solution. Having separate coil 

characteristics results in stable coil perfonnance and thus it is not necessary to adjust the 
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thermostatic valve to varYIng loads. This stabilises the compressor performance 

resulting in longer compressor life and better compressor efficiency (ASHRAE 1998). 

The significance of a hybrid system such as this thesis describes, is that it is designed by 

integrating a plate heat exchanger and a vapour compression cooling coil (direct 

expansion coil or chilled water coil) result in more stable coil conditions due to cooling 

load separation. In addition, the dehumidification depends on the contact time, surface 

area and the velocity of the air passing through a heat exchanger. Normally, high 

coolant velocity in the tubes and low face velocity of air across the heat exchanger 

surface promotes improved dehumidification (Shaw 1979). This is due to the fact that 

the plate heat exchanger offers a large primary surface for dehumidification thereby 

removing most of the latent load. The remaining load is mostly sensibly removed by a 

relatively small cooling coiL This provides a superior solution in terms of energy 

conservation and peak demand reduction. However, there are difficulties with this 

theory as higher heat and mass transfer are associated with higher fluid velocity 

resulting in turbulent flow. Low face velocity is associated with a low convective 

coefficient between the moving air and the heat exchanger surface. As a consequence a 

heat exchanger with a low face velocity requires a larger heat transfer area to achieve 

the same rate of heat transfer. This is one reason for air to air heat exchangers to have 

large foot prints and require a large installation space. On the other hand having a 

larger surface area and low face velocity will result in the need for a larger heat 

exchanger with widely spaced fins and plates (or tubes and fins in the case of evaporator 

and condenser). In comparison to a compact heat exchanger with high fin density these 

are less prone to fouling. An optimal design must find a balance between the 

conflicting requirements of size, material and thermal as well as hydraulic 

characteristics. 

Primarily environmental and energy related issues have led to the question of whether it 

is feasible to employ alternative methods of air conditioning to replace the traditional 

and widely used commercial refrigerant-based vapour compression cycles. At present 

there are three particular global problems that have prompted the engineering society to 

investigate alternatives to vapour compression technology. 

1. Energy needs. 

2. Emission and global warming. 
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3. Ozone depletion. 

Evaporative cooling was the first well known method used to reduce the temperature of 

air (Watt and Brown 1997; Yell ott 2002). All evaporative cooling involves heat as well 

as mass transfer when dry air contacts a water stream. It is applicable to all processes 

where sensible heat in the air is exchanged for the latent heat of the water stream which 

circulates through a form of media or heat exchanger. The heat and mass transfer is 

governed by the differences in temperature as well as the water vapour concentration. 

The importance of evaporative cooling lies in the latent heat transfer, which contributes 

approximately 2500 kJ per kilogram of water converted from liquid state to vapour. 

Thus water acts as a natural refrigerant that can be released into the environment 

without any harmful environmental consequences. Accordingly, the operation of 

evaporative cooling is largely open cycle without any need for compression energy. On 

the other hand, the vapour compression cycle is composed of a closed system of 

conduits and heat exchangers where the compressor drives the cycle. In addition to 

energy consumption, any leak of synthetic refrigerants from vapour compression based 

close cycle has severe environmental consequences. 

There are, therefore, significant advantages to developing the system described in this 

thesis with its combination of a polymer plate heat exchanger (PPHE) with a relatively 

smaller vapour compression system. The hybrid combination, not only does operate at 

a much lower dew point to that of traditional indirect evaporative cooling but in humid 

or tropical climates it relies partly on a vapour compression system to deal with the 

excess moisture present in the atmosphere. In most dry parts of the world, an indirect 

evaporative cooling system is considered to be sufficient for comfort providing the 

temperature is maintained and the humidity ratio does not exceed as per ASHRAE - 55 

comfort standards. The DICER system under study is a combination of an indirect 

evaporative cooling (heat recovery) and a vapour compression system (heat pump). As 

mentioned above it is a system that relies mainly on water as a refrigerant and thus 

minimises the impact of CFC and HCFC based refrigerants. 

There are applications in which it is necessary to use only outdoor air such as hospitals, 

nursing homes, operating theatre, animal housing faci lities and so on. The method of 

energy recovery described in this thesis is ideal for these applications although at 
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present it is not available as a main stream product for general air conditioning use. 

With growing energy cost, environmental awareness and legislative requirements there 

is a potential for these hybrid devices to provide a total air conditioning solution. At 

present, design engineers are faced with the contradictory requirements of better indoor 

air quality (IAQ), comfort, and satisfy ventilation code defined by the ventilation 

standards as well as design for energy efficiency. 

The challenge for design engineers is to reduce energy consumption as well as 

satisfying the conflicting requirements of ventilation standards, air quality, and the 

health and safety of occupants. Ventilation alone is considered to account for up to 50 

percent of the total energy use in a building (Liddament and Orme 1998). Declining 

energy reserves will force the implementation of cost effective energy conservation 

methods to satisfy heating as well as cooling needs. The issue of energy efficiency of 

air conditioning systems has a wider application to heat pumps. Therefore these hybrid 

systems may be potential solution for some of these contradictory requirements for 

building air conditioning. 

1.3 The Need for the Present Study 

This study has been conducted to assess the nICER system as a potential device for air 

conditioning. The research in this thesis considers fundamental principles as well as 

some of the issues of product design, installation, life cycle engineering and 

manufacturing and production. Attempts to apply the knowledge of fundamentals, 

design methodology, applications, manufacturing, and production issues related to this 

particular product (DICER) have so far been found to be limited. Thus, it is necessary 

to systematically explore all these different disciplines within one study. This will 

provide an analysis and assessment of the DICER system. 
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Figure 1.1: Total System Under Study 

Product 

Figure 1.1 shows a wide integration between thermal-fluid engineering to materials, 

fabrication and production which is being undertaken in this study. It shows that 

multidisciplinary activities are necessary for the desired product outcome. However 

these, n1ay not be adequate in themselves, to solve complex engineering design 

problem. The merits of this system are established in the study by an examination of 

the cross-flow heat exchanger and air conditioning systems relevant to this method, 

where a cross-flow heat exchanger is integrated to a vapour compression system. The 

advantages and drawbacks of this particular system are evaluated in the design phase by 

functional design approach. An evaluation of the technology is presented through 

comparison with similar competing technologies, using the design evaluation matrix as 

a part of the design process analysis. Considering its merits a production scenario is 

assumed for quantity production if there is a market for such technology. 

The motivation for this study is for the commercial outcome in the form of a low-cost 

(life cycle cost) air conditioning system with enhanced performance in comparison to 

existing technologies available in the market place. Growing environmental awareness 

combined with the level of energy consumed by air conditioners in buildings, has 

resulted in the government legislation compelling manufacturers to offer improved 
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perfonnance. The primary focus is on energy efficiency as there is clear evidence that 

given to growing population and rates of development the use of air conditioning is 

changing the demand for energy. To address this growing concern over energy 

consumption further research and development is needed in the area of efficient, 

environmentally benign air conditioning systems. An integrated approach for product 

development is essential to adequately address this situation. 

The pioneering work in Australia in polymer plate cross-flow heat exchanger (PPHE) 

was conducted by Donald Pescod of the Australian CSIRO. The idea of using this as a 

simple and cheap method of air conditioning was licensed to the Hydro-Thennal Pty 

Ltd (now called FICOM), where John McNab took the initiative in manufacturing and 

laid the foundation with an improved cross-flow heat exchanger. The idea of 

manufacturing and mass production is still at an early stage, so this study has been 

conducted to investigate the science and engineering behind the technology of hybrid air 

conditioning along with materials, manufacturing and volume production with the aim 

of reducing the cost. Thus, this thesis is concerned with demonstrating the benefits and 

practicality of this system combining the thermo~fluid aspect with the design, 

application, materials and manufacturing. 

1.4 Objective and Significance 

Past studies carried out in this area concluded that significant energy saVIngs In 

commercial buildings, schools, hospitals and other silnilar facilities were achieved 

(McN ab 2004). Multi-stage evaporative coolers were also studied and found a 40 

percent of energy savings in a laboratory facility in Arizona (Will 1991). These studies 

focused on energy savings as the prime objective regardless of difficulties such as 

awareness and familiarity with the technology, the potentially challenging and difficult 

job of retrofitting, the cost, sizing, limitation of space and so on. This design study 

carried out in this thesis seeks to clarify some of these obstacles using technology 

assessment method. A comparison with widely accepted various vapour compression 

system (package, split and cassette types) is presented. There is also a common 

sensitivity about comfort and health from the perspective of "Swamp Coolers" and 

sometimes misunderstanding with other energy recovery devices such as the rotary heat 

exchangers, cellulose based heat exchangeI', run around coils and heat pipes. 
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Due to some similarities between all these recovery systems and their operating 

principle (recovering energy from exhaust air) there tends to be some misunderstanding 

regarding their differences in performance. These similarities arise from the use of 

energy recovery and evaporative cooling. The system investigated in this research uses 

an indirect method of evaporative cooling where the dew point of the exhaust stream is 

reduced to cause dehumidification on the PPHE itself. This method of dehumidification 

differs from the commonly used indirect evaporative cooling method in a cross-flow 

heat exchanger. This is where the similarities to other method of energy recovery and 

evaporative cooling end, where recovery systems can not provide cooling as well as 

dehumidification on the heat exchanger surface to control space temperature and 

humidity. 

The unfamiliarity of this technology makes it difficult for design engIneers and 

contractors to adopt this method of air conditioning as a general purpose device for 

retrofit applications and industrial ventilation (such as animal houses or cool room 

design) as an energy recovery device or as an air conditioning device to supplement the 

existing air conditioning systeln. The purpose of this research is to rectify some of 

these misconceptions. There has been very limited work conducted that bridges the gap 

between engineering science and engineering design with respect to this particular 

product (McNab 2004). Each chapter in this thesis covers specific topics of design and 

development activities to provide an integrated approach for the final product outcome. 

First of all the research is conducted to establish the high performance of the DICER 

system and then followed by product design. This thesis therefore analyses the product 

from the perspective of a design engineer utilising product features and aiming to 

simplify the problem by providing simple tools for investigation such as: performance 

comparisons, technology assessment, a weighted objective method and a general 

methodology for energy recovery design in a retrofit operation. Moreover, the whole 

exercise of product development is supported by life cycle engineering with the main 

focus on cost. Materials, manufacturing, economics and production are also 

investigated as an integral aim of design activity, but treated separately, to establish the 

capacity of existing manufacturing techniques. A recommended method of 

manufacturing for mass production for this type of product is also investigated through 
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an approach focusing on cost with the aim of reducing the purchase cost of the product 

using batch production method. 

The need for this study was pointed out due to the difficulty involved in undertaking 

complex and new product in the market. This study in general, provides valuable 

insight gained by gathering research information and enhancing ways of understanding 

problem solving that involve a broad scope of engineering science; thermodynamics, 

heat transfer, heat exchangers, air conditioning, materials, plastics and fibre reinforced 

polymer (FRP) technology, life cycle engineering, manufacturing processes, production, 

cost implications and economics. To realize a product from a concept to completion 

these are typical areas that requires sufficient knowledge and expertise to implement 

successful design and development activity. The above list of engineering science is 

not a comprehensive authentication; it is however applicable to this case and provides a 

method of how a particular development activity is to be carried out in general. The 

scope of this thesis does not extend to cover the business strategy or business 

development activity, industrial design, sales or market research of the OICER air 

conditioning system. 

The research for this thesis is conducted through a literature study, an extensive patent 

search on heat exchangers and lnanufacturing, field study (through published literature), 

case study (UTS installation of the DICER system) and design comparison with various 

products, a number of minor projects (6) in the course of study and my role in industrial 

experience with various industries. The knowledge gained throughout this period has 

been recorded to support product design engineers, application engineers and 

manufacturers. The study will also enhance the understanding and potential problems 

of engineering design as a whole. 

1.5 Thesis Organization 

The main body of the thesis is presented in 6 chapters (Chapter 2 to 7). All these 

collective efforts engage with the central aim of technology evaluation and product 

development. 
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In Chapter 2 the literature is reviewed and different methods of evaporative aIr 

conditioning systems are described. The chapter describes different design 

configurations that are commonly applied when considering evaporative cooling. The 

description covers both direct and indirect methods of evaporative cooling. The 

literature presented here also examines a broad range of information pertinent to an 

indirect evaporative cooling (lEC) and the development of a plastic plate heat exchanger 

at Australian CSIRO in 1960s. A US patent search was conducted to locate the relevant 

manufacturing techniques of plastic heat exchangers as well as design configurations. 

The literature search provides a clear picture of air conditioning development from 

Indirect Cycle Energy Recovery (ICER) (a variant of common evaporative cooling) to 

the modem Dual Indirect Cycle Energy Recovery (DICER) system. 

In Chapter 3 the performance of the DICER system is analysed. The fundamental 

principles that involve air conditioning, heat and mass transfer in the DICER heat 

exchanger are described. Various mathematical models are ev~luated against the 

proposed method of performance prediction based on the first law of them10dynamics, 

air psychrometry and heat transfer principles. The effect of some of the simplifying 

assumptions such as the Lewis number being equal to unity for evaporative cooling and 

heat transfer based on the wet bulb temperature for an lEe are commented upon. lbe 

model developed here is independent of the assumption that the Lewis number is unity 

for evaporative cooling and the analogy derived from direct evaporative cooling to 

predict the performance of indirect evaporative cooling. This chapter also comments on 

the model developed by other researchers in this field; and compared with, however 

experimental validation to substantiate the numerical model is outside the scope of this 

thesis. 

The coefficient of performance (COP) of an IEC based on energy recovery is also 

presented as a guide to evaluate the performance in comparison with other competing 

methods of air conditioning. This study conforms to a very high COP achieved using 

an indirect evaporative coo ling. 

In Chapter 4 the design process and application is illustrated. The design process for 

ventilation air pre-treatment using the DrCER system as a case study. A detailed 

technological evaluation is carried out t o establish the state of the art, strength and 
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weaknesses for further development. A design case study is presented with the aim of 

implementing the method of energy recovery at the University of Technology Sydney 

(UTS) for demand side management. This chapter presents typical activities in 

engineering design from the conceptual to the final construction stage and reviews 

defects and remedies commonly encountered in a routine retrofit operation. The chapter 

concludes with some general guidelines to assist designers and engineers when 

considering this approach to energy recovery for ventilation air pre-treatment in retrofit 

applications in commercial buildings. 

Chapter 5 describes the life cycle evaluation for energy recovery methods. An entire 

life cycle assessment is beyond the scope of this research; however the life cycle cost is 

thoroughl y investigated and costing models are presented to compare with competing 

products such as the enthalpy wheel (latent heat exchanger or energy wheels). The life 

cycle cost analysis is based on the energy recovery method presented as a case study in 

Chapter 4. 

In Chapter 6 the materials and manufacturing processes used in the fabrication of the 

housing of the DICER heat exchanger are described. A detailed fabrication method is 

presented by using fibreglass as a case study. Cost comparison is presented between 

wet lay--up and resin transfer Moulding (RTM) taking the base case of wet lay-up 

technique (present manufacturing method). 

In chapter 7 production volume is presented with a cost focus. The cost of production is 

compared and analysed by considering batch quantity production for wet lay-up and 

RTM method. The cost reduction approach is purely based on a hypothetical case 

provided sufficient units can be manufactured to meet the market demand. The cost 

comparison provides valuable insight and the potential reduction in the cost if suitable 

manufacturing method is selected with the aim of batch production (quantity production 

at one time). 

Chapter 8 consists of the conclusion and recommendations derived from the work in 

this thesis. This chapter identifies future work necessary to facilitate development in 

this field. This study is not a detailed problem solving exercise of the shortcomings of 

this particular method of air condition 'ng. Rather, the aim of this thesis is the 
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identification of the potential obstacles, advantages and limitations of this technology in 

preparation for next stage of optimisation through design. The overall objective of this 

research has been achieved by investigating the science and practical aspects of this 

product in each of the chapters presented here. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 Introduction 

The purpose of this chapter is to provide a comprehensive summary of the existing 

evaporative cooling systems. The description outlines the development and operation 

of each evaporative cooling system. The information concerning each system's 

operation was gathered from the extant literature and a patent search. This literature 

review describes evaporative cooling and in the latter section of this chapter specifically 

focuses on an indirect evaporative cooling system developed at the Australian CSIRO. 

This literature review does not explore the details of design methodologies but 

summarises the general functional requirements of evaporative systems. The summary 

table provides a checklist of requirements for each method of evaporative cooling 

systems described in this literature. 

The intention of the literature review is not only to report different approaches and ideas 

about evaporative air conditioning, but also to establish relevant work for comparison 

purposes along with their individual approaches. As the literature is also concerned 

with the design and manufacturing side, this area is included in the literature review. 

However, in general, the materials and manufacturing, where relevant, will be discussed 

as a part of the design of a total air conditioning system. The literature review 

concentrates on the method of evaporative air conditioning and its function. There are 

two main categories; one is known as direct evaporative cooling (DEC) and the other as 

indirect evaporative cooling (lEC). There are several configurations (hybrid systems) 

possible by combining IEC and/or DEC with vapour compression systems, as well as 

with desiccant systems. 

2.2 Evaporative Cooling 

An evaporative cooling process relies on water as a cooling medium to cool an 

airstream rather than using synthetic refrigerants such as CFCs and HCFCs. The 

exchange of latent heat from evaporation for sensible heat to cool the ventilation air can 

be achieved by a direct or an indirect evaporative cooling. With a DEC system the 
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moisture content (humidity ratio) of the ventilation air (supply air) increases as it 

approaches saturation in exchange for sensible cooling. Thus this is undesirable in 

places with a high outdoor air humidity ratio such as tropical climates. With an IEC 

system the evaporating streams (called secondary streams) and incoming ventilation air 

or supply air (called primary streams) are completely separated by using a heat 

exchanger surface, thus preventing the increase in humidity ratio of the incoming supply 

air in exchange for sensible cooling. Therefore the application of an IEC system is 

wider and not limited to hot and dry conditions but can be applied to mild humid 

climates in comparison to the DEC systems. 

2.2.1 Direct Evaporative Cooling 

DEC involves cooling of ventilation air (supply air) in direct contact with the 

evaporating water and an evaporative pad (also called evaporative medium). Water 

flows through and a portion of water circulates around the evaporative media. At the 

same time the airstream contacts the circulating water. Due to combined heat and mass 

transfer, the air stream leaving the pad is cooler, but, has a higher humidity ratio 

(moisture content). 

The main components of a typical direct evaporative cooler are shown in Figure 2.1 

Figure 2.1: Direct Evaporative Cooler, Legends: 1 - Housing, 2 - Louvered pad frame for air inlet, 
3 - Shaft, 4 - Water distribution around the periphery, 5 - Water pump, 6 - Drive motor for fan, 7 

- Float valve, Source: (Born, Foster et a1. 1999) 
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The evaporative air conditioner shown in Figure 2.1 consists of a box with large vertical 

evaporative media around the casing. The electric motor, fan, pump and water 

distribution system are all contained in the same box. The fan draws the air from 

outside through the wetted pad and delivers it to the room. Alternatively air may be 

ducted to deliver it to cool multiple rooms. A water distribution system ensures the 

pads are wetted when cooling is required. The circulation of water and bleed off control 

is set to avoid any excessive salt deposition on the pads. From a control point of view 

these direct evaporative types of air conditioners are relatively simple. The pump can 

be turned off when the outdoor humidity ratio, as well as the relative humidity, is too 

high as direct evaporation under these circumstances leads to a situation outside the 

comfort zone of ASHRAE standard - 55. Under conditions of high relative humidity 

the outdoor air is close to saturation so an evaporative cooling process does not lead to 

further cooling. The ventilation air (outdoor air) under conditions of high relatively 

humidity may still effectively maintain adequate cooling inside the room (Born, Foster 

et al. 1999). These types of coolers are equipped with an indoor thermostatic control for 

temperature regulation. 

The other type of evaporative cooling media, using the Munters pad, is known as 

CELdek® are Inanufactured using aspen wood. The corrugated structure (refer Figure 

2.2) at an angle allows maxitnum water and air contact in a relatively compact size thus 

it can achieve very high effectiveness, up to 98 percent at a relatively low air velocity of 

about 0.5mJs (Munters Incentive Group 2003). However CELdek® pads loose their 

effectiveness very quickly depending on the degree of usage, levels of salt concentration 

and dust in the outdoor environment. High effectiveness is usually achieved in the first 

few weeks of installation followed by a significant deterioration of saturation 

effectiveness (Equation 2.1) that may drop as low as 50 percent. Therefore these 

CELdek® pads need replacing at regular intervals as well as intensive maintenance to 

extend their operating life (Born, Foster et al. 1999). 

An alternative development in evaporative cooling is the GLASdek® rigid pad made of 

specially impregnated paper in combination with fibreglass in a honeycomb structure. 

The GLASdek® pad is shown in Figure 2.2. GLASdek® pads are more stable then 

CELdek® pads. They have a relatively constant service life and are less prone to 

performance deterioration. Their effectiveness remains relatively consistent within the 
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range of approximately 75 percent to 90 percent (Born, Foster et al. 1999). However, 

these pads also require regular cleaning every year so that these pads can last more than 

seven years. Without proper maintenance they will need to be replaced every three to 

five years (Born, Foster et al. 1999). 

Figure 2.2: GLASdek@ Pad (Source: Munters) 

The only energy required in evaporative cooling is that used by the fan and pump for 

circulation of air and water respectively. The key element for improving the 

effectiveness of evaporative media is the air water contact time and the rate of 

evaporation. Thus to achieve higher saturation effectiveness the pad is made thicker 

thereby allowing more air and water interaction. The negative side of increasing the 

pad thickness is a larger pressure drop which increases the fan's energy consumption. 

Thus depending on the type of application, heat transfer and pressure drop 

characteristics must be considered for optimum performance. 

The performance of such cooling media is often represented by saturation effectiveness. 

The heat needed for evaporation is released via contact with the air stream driving off 

the more energetic water molecules from the water stream. As the energy from the 

water stream is taken off, the average kinetic energy of the bulk water circulating in the 

system decreases resulting in a decrease in its temperature. Thus the water cools and 

the air in contact receives transferred heat and attains nearly the same temperature as the 

water at steady state. However, the total energy content of the system of air and water 

interaction remains the same as the evaporated water molecules from the water streams 

are in contact with the air. This increases the humidity ratio of the air (water content of 

dry air) but does not affect the total energy the combined of air and water sub-systems. 
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Thennodynamically the process of DEC is said to follow adiabatic saturation with no 

external heat gain or loss, but heat is exchanged between the constituents of the total 

system. In air conditioning tenns this process is called cooling and humidification on 

the assumption that the average water temperature is the same as the air's wet bulb 

temperature. 

The effectiveness of an evaporative cooler (also called saturation efficiency) is defined 

as the dry bulb temperature difference at the supply stream divided by the wet bulb 

depression (Watt and Brown 1997). Equation 2.1 is a design tool for engineers to assess 

the perfonnance of an evaporative cooler. 

~ -T2 
cDEC =:----

~ -~WBT 
(2.1) 

Studies on the perfonnance of an evaporative cooler under various conditions show that 

its effectiveness (efficiency) is not so much affected by the outdoor air temperature but 

by the relative humidity (Abdellatif 1993). The actual perfonnance depends on the heat 

and mass transfer coefficient as presented by Dowdy and Reid . (1986). Their analysis 

showed that pad thickness, air velocity (Reynolds number) and the relative rate of 

diffusion between the interacting 'fluids (Prandtl nUlnber) has a strong influence on the 

perfonnance of the evaporative cooling process. The perfonnance variation of a direct 

evaporative pad with pad thickness at different air velocity is presented in Kreider and 

Rabl (1994) but does not show the variation as a function of outdoor air humidity or 

relative humidity. 

The psychrometric chart Figure 2.3 illustrates the DEC process for different cities in 

Australia. The process begins with the outdoor condition and follows the constant wet 

bulb temperature line. The end of the process is defined by the Equation 2.1. As 

examples, the mild and dry conditions of Canberra (34.1 DBT and 19.2 WBT), 

moderately hot and humid conditions of Sydney (33.1 DBT and, 22.7 WBT) and hot 

and humid conditions of Darwin (34.4 DBT and 27.7 WBT) are selected. The 

corresponding coincident conditions are also shown on the same psychrometric chart 

Figure 2.3 to illustrate the DEC process under these conditions. The coincident 
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conditions are provided for the purpose of comparison to the equivalent DEC operation. 

For each of these processes the same effectiveness (of 85 percent) is assumed for the 

evaporative pad (Kreider and 'Rab11994; Born, Foster et al. 1999). 

Figure 2.3: Psychrometric process of Direct Evaporative Cooling, Legends: CAN - Canberra, SYD 
- Sydney, DAR - Darwin, DEC - Direct Evaporative Cooling, CWBT - Coincident Wet Bulb 
Temperature. Note: Area enclosed by points 1,2,3 and 4 represents ASHRAE Comfort Chart 

(ASHRAE Standard 55 - 2004) 

For hot, humid climates, such as Darwin, the evaporative cooling process is not a viable 

option when considering comfort air conditioning as illustrated by Figure 2.3. 

However, for Canberra and similar climates DEC may be an option as the DEC process 

lies within the comfort zone of ASHRAE Standard 55-2004, Thermal Environmental 

Conditions for Human Occupancy. For places such as Sydney, DEC may be marginal 

depending on the weather conditions and applications. Throughout the year there may 

be a considerable number of hours that conform to comfort requirements due to the 

higher air movement associated with these types of equipment. 

The DEC performance shown in Figure 2.3 is based on both summer outdoor 

temperatures and coincident temperatures, at 3.00 PM which are individually exceeded 

on a basis of 10 days per year. Design tenlperatures can be found in ASHRAE or 
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AIRAH Handbooks and provide an assessment of the suitability of the DEC processes 

in a range of climates. 

As an alternative to summer design temperatures, coincident temperatures may be used 

for additional or alternative cooling load calculations where the particular design 

requires a large component of outdoor air which is more sensitive to wet bulb or has a 

large building surface more sensitive to dry bulb (Wickham 1994). These conditions 

may be specifically suited for evaporative cooling processes as a typical evaporative 

cooling operates on all outdoor air and is sensitive to wet bulb temperature. With 

coincident temperatures the suitability of the evaporative cooling is more apparent and 

relevant when considering systems such as DEC which favours solely outdoor air. 

To provide comfortable conditions, the DEC method is applicable in dry clin1ates 

because the temperature of air cooled by evaporation cannot be below the wet bulb 

temperature of the entering air stream (Kreider and Rabl 1994). The energy savings 

when con1pared with vapour compression cooling could be as high as 75 percent in dry 

climates such as Arizona (D'Alanzo, Orphelin et al. 1998). In humid climates with an 

outdoor humidity ratio greater than] 2 glkg this win result in the saturation of the air 

outside the ASHRAE comfort zone and in such cases it is not normally reconunended 

for comfort air conditioning. . 

Apart from comfort air conditioning a direct evaporative cooler can be used for 

ventilation air pre-treatment in an existing facility equipped with a central aIr 

conditioning system such as in commercial buildings, schools, universities and 

hospitals. A recent emerging application of the direct evaporative cooler is in an 

evaporative condenser in tropical air conditioning with a combination of direct and 

indirect evaporative cooling (Costa 2005, McGregor and Standfield 2007). This 

reduces the condensing temperature in extreme outdoor conditions and improves the 

coefficient of performance (COP) of a heat pump at the expense of little extra fan and 

pump power. In winter a direct evaporative component can be used as a humidifier. 

However the current ASHRAE Standard 55-2004 practically ignores the lower humidity 

ratio as shown in the psychrometric chart Figure 2.3 which disregards moisture content 

so long as temperature is maintained in the c,omfort zone (Olesen and Brager 2004). 
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Other applications of this technology exist in livestock (eg. poultry) buildings with a 

cooling and gas turbine cooling to boost efficiency of the turbine and reduce operating 

costs for economic benefit. In gas turbine applications outdoor conditions are not an 

obstacle for evaporative air cooling (Robb 2001). The application is ideally suited even 

with a high humidity ratio. 

In considering DEC in terms of economic as well as environmental benefits, the cost of 

water and its treatment must be adequately addressed. The issue of water conservation 

is even more important in dry conditions where water may be in limited supply. Due to 

liInited water supply the suitability of DEC may be restricted with respect to water 

evaporation in hot and dry conditions even though its application is ideal from a design 

and theoretical perspective. 

The application of DEC should also be evaluated depending on whether the power 

source is hydropower, a coal fired power plant or an alternative source of po\ver. In the 

case of a coal fired power plant the cooling tower (direct evaporative cooling) is used 

for heat rejection. The power obtained thus relies indirectly on water evaporation at the 

po'wer station. The question then is whether to run a vapour compression system which 

indirectly wastes water at the source of power production through cooling towers or to 

cut the size of electricity demand and run an evaporative cooling system with less 

consumption of electricity and less water evaporation on the cooling tower at the source 

of power production. 

A further issue to be considered in the application of the DEC system is Legionella and 

the growth of algae and micro-organisms. To asses the risk of Legionella disease 

research was carried out using the pad evaporative cooler (Puckorius, Thomas et al. 

1995). Evaporative coolers were shown not to provide suitable growth conditions for 

Legionella. The temperature at which an evaporative cooler normally operates is less 

than 20DC and at this temperature Legionella is dormant and does not multiply. The risk 

of this disease is therefore avoided. The authors also point out the necessity of regular 

cleaning and maintenance to avoid any grovvth of algae and micro-organisms. 
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2.2.2 Indirect Evaporative Cooling (IEC) 

IEC cools the ventilation air without any addition of moisture (humidity ratio). In other 

words it is sensible cooling of outdoor air (ventilation air) by the evaporating stream 

(exhaust air) which is separated by a heat exchanger surface forming two separate 

alternating passages. These two air passages are known as primary air passages for 

supply air and secondary air passages for exhaust air. 

The exhaust air through the secondary passages undergoes a DEC process as explained 

in section 2.2.1. This is a sensible cooling process of primary air without any addition 

of moisture, makes IEC more versatile and in some places it can be easily adopted for 

an entire air conditioning operation without mechanical cooling in place. This extends 

the limitations of DEC making it applicable in climates where the humidity ratio is 

higher and generally not covered by the application area of DEC. 

The application and limitation of an lEe for Australian climates was investigated by 

Pescod (1976) and for Scandinavian climates by Lindholm (2000). However in tropical 

climates the need to dehumidify the supply air requires an active dehumiditication and 

cooling device. Studies to date has not covered the application and limitation of hybrid 

systems that integrate an indirect evaporative cooling systems with a vapour 

compression system. This study focuses on the Sydney climate, but could be extended 

to any region. Details of this study are presented in Chapter 4 as a case study in 

ventilation air pre-treatment. 
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Figure 2.4 Schematic of Indirect Evaporative Cooling System 
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Figure 2.4 to 2.6 shows different configuration of an IEC system. Figure 2.4 shows a 

type of regenerative IEC system consisting of a DEC and a separate heat exchanger; 

however these two can be combined in one device shown in Figure 2.5(a, b, c). 

This particular design is the method adopted in Pescod's design by the CSIRO in the 

1960s. A patent search also revealed that a similar configuration and several variants 

were patented by Munters (197'7) with the exception of Figure 2.5(c). The Figure 2.5 

(a, b, c) shows these configurations. 
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Indirect -1 

Figure 2.5 (a) 
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Cooler 
(Heat 
Exchang r) 

Figure 2.5 (b) 

Supply air 

ROOM 

Supply air ROOM 
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Figure 2.5: Several Variants of Indirect Evaporative Cooling with Combined Heat Exchanger and 
Direct Evaporative Cooling. 

Figure 2.S(a) is a simple indirect evaporative cooling without any regenerative effect. A 

portion of outdoor air is diverted to the evaporating stream in the same direction as the 

water flow. Figure 2.S(b) differs in that the outer stream is first passed through the heat 

exchanger and then a portion is passed through the evaporating stream. This is the 

regenerative type and the performance comparisons show a higher temperature drop in 

the supply stream could be achieved due to cold air being passed in the evaporating 

stream causing a higher evaporation rate and removing more heat from the supply air. 

The performance comparison was carried out by Munters in his Patent and he claimed 

that the regenerative type shown in Figure 2.S{b) could achieve an extra SK temperature 

drop in the supply stream compared with the design shown in Figure 2.S(a). 

Figure 2.S( c) shows a further improvement in the design where the flow direction is 

opposite to the direction of the water flow. This results in a greater drop in pressure but 

a higher heat transfer rate is possible. However there is no reported performance 

comparison, although it is well established from the fundamentals of heat transfer that a 

counter flow is preferable to a parallel flow type of heat exchange process. This 

argument can be used to substantiate the claim that the design shown in Figure 2.S(c) is 

superior to the design shown in Figure 2.S(b) from a heat transfer point of view. 

Figure 2.6 shows the regenerative type of evaporative cooling with room exhaust air 

researched at the Australian CSIRO. It is well established that it would be beneficial 
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from the overall performance (heat transfer and pressure drop) point of view to pass 

cooled dry air through the wet side of the heat exchanger instead of using ambient air as 

shown in the previous configurations (Figure 2.5 a, b, c). This is a significant departure 

from the earlier design which shows counter flow air and water interaction with the 

exhaust air being taken from the room instead of a portion of treated ventilation air 

being diverted into the exhaust stream. 

The research conducted at the Australian CSlRO has shown that the lEC system has 

significant performance benefits compared with vapour compression cooling. The 

reported experimental COP of an lEC is in the range of 10.5 (Pescod and Prudhoe 

1980). Whereas a typical vapour compression COP is in the range of three (Yellott 

2002). The only energy input is to the fan and pump. The fan required for these 

systems is relatively large because of the large air quantity in comparison to a 

mechanical cooling system. 

~ldirect 
Outdoor air I Cooler 

~(Heat 
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L------l 
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Exhaust air 

Figure 2.6: Indirect Evaporative Cooling with Regenerative Room Exhaust Air 

2.2.3 Multistage Indirect Direct Evaporative Cooling 

The two stage indirect/direct evaporative cooling simply combines the first stage 

indirect system and is then followed by the second stage direct evaporative system for 

extra cooling and humidification. A schematic of such a system is presented in Figure 

2.7. These systems can achieve high COP in dry climates. The reported COP of an 

indirect evaporative cooling combined with a second stage direct evaporative cooling 

can be as high as 15 (Kreider and Rabl, 1994). 
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Figure 2.7: Schematic of Indirect Cooling with Second Stage Direct Evaporative Cooling 

The two stage combination is very effective and the resulting overall effectiveness could 

be greater than 100 percent (Bourne 2004, Pacific Gas and Electric Company 2004). 

This type of system consumes extra fan power due to second stage direct evaporative 

cooling. The extra fan power, as well as water consUtnption and its required treatment 

should be considered at the design evaluation stage when selecting this option of a 

multistage system. Frequently, and in a variety of situations, the compressor efficiency 

improvement will outweigh the extra fan power (Kreider and Rabl, 1994). 

A study pertaining to application in different climatic conditions (mainly in US cities) 

suggests that a significant portion of required cooling can be provided by an IEC 

system. The study was conducted on direct single stage as well as multistage system. 

The detailed performance data on these various evaporative cooling systems is 

presented by (McClellan, 1988). This study on application and performance suggests 

that evaporative cooling is able to reduce the size of the equipment as well as the 

operating costs. 

There are other possible combinations of an indirect evaporative cooling with desiccant 

systems, such as the rotary desiccant wheels and a cross-flow heat exchanger. A 

detailed description of each of the multistage systems with other sub-systems such as 

desiccant, or heat pipes is outside the: scope of this thesis. These are mentioned to 
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indicate the possibility of other hybrid systems with desiccants (both solid and liquid) 

which can be integrated into the indirect evaporative cooling for an efficient air 

conditioning solution (McNab and McGregor 2003). 

2.2.4 Regenerative Evaporative Cooling with Rock Beds 

The term regenerative in evaporative cooling process refers to a pre-cooled supply air 

that uses exhaust air. The rock beds system developed at the Australian CSIRO by 

Dunkle (1966) and Morse (1968) rock beds were used as a heat exchanger for 

evaporative cooling. In this system two heat exchanger beds with water sprays were 

used. A motor driven damper was to alter the direction of the air flow. During the 

cooling cycle the air is drawn from outside and cooled by a previously regenerated bed 

before entering the room. At the same time air is also drawn from the conditioned space 

and caused to flow through the evaporative cooling side of the bed. During this 

switchover cycle the second bed is also being prepared for regeneration. The advantage 

of this system is that there is very little moisture gain in the cooling air stream as rocks 

are, in comparison to evaporative media or pads, to some extent impervious to water. 

This system is large and therefore requires more ductwork (Wooldridge 1975). The 

cooling cycle typically is around 10-20 min, Compared with an indirect plate 

evaporative cooling system these are larger in footprint and bulkier with a very slow 

response time (Yellott 2002). 

2.3 Indirect Cycle Energy Recovery (ICER) 

The first researchers in this area were Dunkle 1966; Pescod 1968; Chan 1972, 1973; 

Maclaine-Cross and Banks 1981; Kettleborough and Hsieh 1983; Wu and Yellott 1987; 

Supple and Broughton 1985; Peterson and Hunn 1988; Peterson and Hunn 1991; Chen, 

Qin et al. 1991. Among these researchers Pescod, Maclaine-Cross, Banks, 

Kettleborough, Hsieh, Peterson and Hunn carried out research into the fundamental 

principle underlying the performance of a cross-flow heat exchanger. In recent years 

this has been the subject of intense research in thennodynamic optimisation, or heat and 

mass transfer analysis with the aim of improving performance prediction (Stoitchkov 

and Dimitrov 1998; Ogulata, Doha et al. 1999; Vargas, Bejan et al. 2001). However 
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this is only one aspect of science and engineering research. The other aspect is acquiring 

a balance between performance, manufacturing, environmental aspects, marketing and 

other conflicting requirements. 

These pioneering researchers along with others (Scofield and DesChamps 1984; 

Stoichkov and Gueorguiev 1987; Saman, Percy et al. 1995), investigated the application 

of indirect evaporative cooling. The main objective of their study was to convince 

designers of air conditioning systems that significant savings and peak demand 

reduction could be achieved using these types of indirect evaporative coolers. More 

recently, the indirect evaporative cooling system has been intensely commercially 

developed by the Davis Energy Group. The development focused on a two stage 

evaporative cooler combining a direct evaporative stage followed by an indirect system 

for retrofit operations in commercial buildings. It claims to save peak demand energy 

consumption as well as reduce the overall operating costs (Bourne 2004). 

The indirect heat exchanger at the Davis Energy Group is counter flow and modular in 

design, which reduces the cost of manufacturing. The casing is manufactured using 

rotational Moulding with integral fan housing and has a heat exchanger made from 

plastics using an inline thermoforming process. The two stage cooling was found to 

have an overall effectiveness of more than 100 percent in both ducted and non-ducted 

applications at various air flows and fan speeds (Bourne 2004). The manufacture of the 

heat exchanger is vital in terms of the quality of the overall product. Using a method 

tried and tested by other manufacturers, the Davis Energy Group initially applied 

adhesives in the heat exchanger assembly to prevent leakage. Finally this technique 

proved to be inadequate against potential leakage, so a thermoforming technique was 

developed to fabricate a one piece, leak proof polymer plate heat exchanger (PPHE). So 

far thermoforming is state of the art in terms of a manufacturing process involving this 

particular heat exchanger. 

In the past, manufacturers of plate heat exchangers used aluminium as a preferred 

material because of its ability to conduct heat and resistance to corrosion. From the cost 

perspective aluminium is relatively cheap in comparison to copper and has been adopted 

by most of the heat exchanger manufactuling companies. Most heat transfer equipment 

(evaporator and condenser) uses aluminiuln and copper. To find a balance between cost 
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and performance the tubes are made of copper and the fins from aluminium. The use of 

plastics is a relatively new concept in the heat exchanger industry. The introduction of 

plastic materials as a substitute for aluminium in plate heat exchangers was first 

introduced by Pescod and investigated at the Australian CSIRO (Pescod 1968). A 

boundary layer theory was used to prove that material conductivity is not important if 

the wall thickness of the heat exchanger is thin (Pescod 1979), (Pescod 1980). This led 

to rigid plastic replacing aluminium as the material for heat transfer applications. 

Pescod's invention reduces scale and corrosion problems on the cross-flow plate heat 

exchanger as plastic is less susceptible to scaling and corrosion in the presence of water, 

the natural refrigerant providing most of the sensible cooling needs. 

Figure 2.8 shows the essential components of an indirect evaporative cooling using a 

plate heat exchanger. The system typically consists of two fans, a water distribution 

system, heat exchanger and a pump all enclosed in a casing made from fibreglass. The 

casing of the heat exchanger also acts as a sump and drain for excess water. Makeup 

water is added to the recirculated water and bleed off is provided to limit the salt 

concentration typical in any evaporative cooling systeln involving water as a refrigerant. 

The salt coating or scaling on the heat exchanger surface can be flushed by increasing 

the flow after a certain number of hours. This type of system maintains a fairly constant 

level of effectiveness over a long period of time and proper bleed off could extend this 

up to 2000 hours of continuous operation (Peseod. 1968). 

water sprays exhaust fan 

Figure 2.8: Indirect Evaporative Cooling System [Source: (\VaU and Brown 1997») 

The systelTI introduced by Pescod is shown in Figure 2.8. It consists of a fixed plate 

cross-flow heat exchanger with evaporative cooling taking place within the heat 
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exchanger itself. This system can provide comfortable conditions by delivering a large 

quantity of outdoor air thus eliminating any problem with Indoor Air Quality (IAQ) by 

effectively removing odours which can be an on-going problem in conventional vapour 

compression systems. The design philosophy of a conventional system is based on 

minimum air quantity as required by the local ventilation code and standard which only 

specifies 7.S Lis per person in an office or residential building (AS 1668.2 2002). This 

is one approach to energy conservation: reducing the quantity of outdoor air at the 

expense of IAQ with a conventional system. 

A typical vapour compression system for a room circulates about 12SL/s at a 

temperature of about 10°C below the room temperature. With these indirect coolers the 

same degree of comfort and rate of heat removal from the room could be obtained by 

circulating 2S0L/s at a temperature about SoC below room temperature, with about 1/8th 

of electric power consumption in the most suitable climates (Pescod 1968). However 

with a small temperature differential of SoC, the response rate (time) to achieve comfort 

conditions from an indirect evaporative system is slower compared with vapour 

compression systems. This is because vapour compression has a higher potential 

difference for heat transfer. 

Figure 2.9: A Section Showing a Cross-flow Exchanger, Legend: 1- Outdoor air, 2 - Supply air, 3-
Exhaust from room, 4 - Exhaust to outdoor. Source (McNab and McGregor 2003) 

The overall size of the air conditioner unit shown in Figure 2.8 is approximately three 

meters in length, one meter in depth (Foot print = 3 m2
) and two meters in height for a 

designed flow rate of 1400 Lis (Pescod and Prudhoe 1980). Three of these particular 

size coolers were used in the Caulfield Telephone Exchange in Victoria for a floor area 
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of 537.2 m2 (31.6 m x 17.0m). These units were manufactured by Hydro Thermal 

Engineering Pty Ltd (now called FICOM) in Adelaide. 

The section of the cross-flow polymer plate heat exchanger with water sprays is shown 

in Figure 2.9. The PPHE is the heart of an indirect evaporative air conditioning system. 

Design studies show that the plastic plates used in this particular model were 0.25 mm 

thick and the manufacturing method adopted was vacuum forming which was initially 

thought to be suitable for mass production (Chan 1973, Pescod 1980). 

Turbulence promoters were used in a staggered pattern on the heat exchanger surface 

for heat transfer enhancement. The size and the spacing of these turbulence promoters 

can be found in the CSIRO research papers by Peseod (1980). The vacuum 

thermoforming process was specifically designed to create needle-like protrusions in a 

plate while the plastic remained soft when heated (Pescod 1980). 

Fluid friction and the heat transfer coefficient are influenced by plate spacing and the 

shape and size of the protrusions. The frictional resistance is independent of the plate 

spacing or plate pitch but strongly influenced by the arrangement of the protrusions. 

After several trials the protrusions were tapered to provide sufficient turbulence and at 

the same time increase the heat transfer coefficient by a factor of up to five compared 

with laminar flow plates (Pescod 1974). 

The method of joining these rigid PVC plates was achieved by a patented edge design 

technique without any application of heat or glue as shown in Figure 2.10. This method 

essentially uses mechanical pressure to create folding at the edge of the heat exchanger 

and is assisted by air pressure during the operation of the unit (McNab and Heath 1981; 

McNab 2004). 

14-
19 

16 12.. 
Figure 2.10: Method of Joining Plates (Source: US Patent 4263967) 
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A similar method of manufacturing a heat exchanger body from corrugated sheets by 

the application of pressure, stamping of sheets, and vacuum forming is described in 

Norback's 1978 patent. Vacuum forming was considered to be state of the art until 

thermoforming of plastics plates was developed for manufacturing PPHE, and became 

an efficient and reliable method to seal and create leak proof surfaces around the edges 

of the heat exchanger body. 

Figure 2.11 shows a fully constructed heat exchanger plate assembly joining adjacent 

plates alternately at the top and bottom to create a cross-flow pattern. A leak test 

showed that cross contamination was less than 2 percent even at high pressure 

difference (Pescod 1980). 
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Figure 2.11: Assembly of Plates for Cross-flow Heat Exchanger (Source: US Patent 4263967) 

Heat exchangers manufactured by vacuum forming, stamping and the application of 

pressure against the edges were tested at the Australian CSIRO. They were also tested 

with the aim of improving wettability and data for comparison are available from the 

experimental work of Chan (1973). At present these heat exchangers are manufactured 

without any coating or surfactant because, as Chan's report pointed out, these coatings 

do not last long. The delicate surfactant could easily be washed away during cleaning 

of the heat exchanger on a periodic maintenance schedule. 

Three types of plastic material were investigated by Pescod (1968) - polystyrene, rigid 

PVC and cellulose acetate. Testing wit.h these materials showed that wettability is 
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excellent in cellulose acetate with the highest effectiveness possible but extended testing 

revealed insufficient rigidity as a potential problem when considering this as the 

preferred material in heat exchangers (Pescod 1968). Polystyrene and rigid PVC were 

also tested. The test proved that Polystyrene becomes brittle over time whereas PVC 

has excellent dimensional stability and does not deteriorate over a very long period of 

time. However the wettability of PVC is poor compared with either Cellulose Acetate 

or Polystyrene (Pescod 1968). There have been few commercial development of 

cellulose based cross flow heat exchanger for both heat and mass transfer. But these 

cellulose based heat exchangers have not received much commercial success. 

Several design improvements were advanced by earlier researchers, such as selection of 

material, suggestions concerning wettability, surface coating and surfactant heat transfer 

enhancement. Among these, the most important design feature in the earlier designs 

was the change in the direction of the flow of air exhaust through the heat exchanger 

from downwards to upwards (Pescod and Prudhoe 1980). Although this counter flow 

(heat transfer enhancement) of air and water significantly increased frictional resistance 

it improved thermal performance and wetting as counter flow tended to spread water 

more evenly and hence improved the effectiveness of the heat exchanger. From the 

point of view of application this change in direction allowed easier installation as the 

direction of water flow and air can be easily separated. A heat exchanger with balanced 

flow is not normally used because a building is slightly pressurised to reduce 

infiltration. However the cooling perfonnance is not affected until the secondary flow 

is reduced to 80 percent of the primary flow (Pescod 1979). 

Baffles were fitted into the supply duct so as to further improve the velocity profile to 

ensure unifonn flow (Pescod and Prudhoe 1980). However, in a production unit this 

may require some modification on the inlet section as well as in the duct design. A 

comprehensive research on heat exchanger non-uniformity due to flow as well as heat 

transfer is presented by Chiou (1978; 1981). For research purposes in a laboratory a 

uniform flow of air through the heat exchanger core can theoretically be obtained using 

a large transition section design. 

There are various reasons for flow non-uniformity such as bends, offset duct 

connection, heat transfer and friction in the fluid flow. The flow non-unifonnity is less 
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severe in secondary passages because the entrance manifold is larger or equal to the heat 

exchanger frontal area and, in comparison to primary flow passages, mixing water with 

air maintains unifonnity of the flow to some degree. These losses are inherent to the 

system and are known as parasitic losses (McNab 2004). In reality in a production unit 

because of size, space and cost considerations properly designed transition sections or 

bends cannot be used because of lack of space and constructional obligations in the 

local building codes, which make it impossible to have such an elaborate design (typical 

of lab unit). With these types of air conditioners this situation is common for both 

retrofit applications and new installations. 

Heat transfer enhancement was also an important contribution to the design of the cross-

flow heat exchanger. This was achieved by reducing the primary air flow passage width 

and proportionally increasing the secondary air flow passages. In the earlier design with 

a counter flow arrangement the pressure drop was significant and resulted in high fan 

power requirements. To overcome the pressure drop in the secondary passages the 

width was increased, keeping pressure drop to minimum and at the same time ensuring 

a high heat transfer (McNab 2004) 

Figure 2.12: Psychrometric Chart Showing the Performance of an Indirect Evaporative Cooling 
System. Outdoor Condition (1) is Alice Springs with Heat Exchanger Effectiveness of 80 Percent. 
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The psychrometric chart showing the IEC process is shown in Figure 2.12. The outdoor 

air is cooled from state point 1 along the constant humidity ratio line to 2 as the air 

(primary air) passes through the cross-flow heat exchanger. This air is then discharged 

into the room where the heat and moisture load is picked up along the process line 2-3. 

The exhaust air is passed through the heat exchanger where water is sprayed to enable 

evaporation to take place. The exhaust air is then discharged to the outdoor 

environment at state point 4. 

2.4 Dual Indirect Cycle Energy Recovery (DICER) 

The configuration of the DICER system with the evaporator on the exhaust stream is 

shown in the Figure 2.13. The integration of a vapour compression system (reverse 

cycle heat pump) with an indirect cycle energy recovery (lECR) (a type of indirect 

evaporative cooling described in section 2.3) is known as Dual Indirect Cycle Energy 

Recovery (DICER). A US patent search suggests that the invention of this system 

(DICER) was first reported by McNab (1990). Before the invention of DrCER there 

were similar inventions but with different configurations having the evaporator on the 

supply stream rather than on the exhaust stream. Later McNab found that having the 

evaporator on the exhaust stream upstream of the heat exchanger could save almost 25 

percent of the energy required. (McNab 1990). 
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Figure 2.13: Schematic of DICER Showing Reverse Cycle Heat Pump and Cross-flow Heat 
Exchanger. (Source US patent: 4910 971) 

Figure 2.13 shows a schematic of the DICER system of air conditioning consisting of a 

reverse cycle heat pump and a PPHE. The air supply is all outdoor air and energy 
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recovery from the exhaust stream is similar to that of ICER as described in section 2.3. 

The evaporator and condenser of the vapour compression system reverse the operation 

during the heating or cooling modes. 

In this method of air conditioning the humidity and the temperature in the conditioned 

space is simultaneously controlled by cooling and dehumidifying the supply air through 

the primary passages with the aid of a significantly low dew point evaporative cooling 

process in the secondary passages. Initially water was sprayed in the secondary 

passages and Figure 3.6 shows water spray on the condenser as well to enhance heat 

rejection. Water spray over the condenser surface was found to cause a scaling problem 

and was therefore not used on later models (McNab 2004). 

The Figure 2.14 shows the present day DICER configuration where the heat exchanger 

section is integrated into a reverse cycle vapour compression unit with the sprays over 

the condenser eliminated. 

Figure 2.14: DICER System Future Configuration as a Package System 

The DICER system is consists of two thennal cycles; one using a reverse cycle heat 

pump and the other using a polymer plate cross-flow heat exchanger. The evaporator 

located on the exhaust stream cools the exhaust air and the cooled air then passes 

through the heat exchanger secondary passages cooling the incoming primary air. This 

primary air is the supply air whose tenlperature as well as moisture is decreased due to 
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cooling of the exhaust air to low dew point. This is the unique feature of the DICER 

system cooling at low dew point temperature compared with other indirect evaporative 

cooling system. The low due point cooling is possible due to active cooling component 

in the form of vapour compression DX coil or chilled water coil (cooling coil). 

The evaporator and condenser coils are located on the exhaust stream, to elevate the 

coefficient of performance (COP) of vapour compression systems. The boost in COP is 

mainly due to lowering the condensing temperature. However the evaporator suction 

temperature is lower than in the usual vapour compression cycle (Refer to Figure 2.15 

where the outlet conditions of the air is about 11°C and 88 percent RH. This means the 

coil conditions would have to be lower because of the bypass factor associated with 

coils, which is typically 0.12 to 0.15. This will have a negative effect on the COP of the 

vapour compression system used in the DICER system; however this is compromised 

by lowering the condensing temperature. 

In the heating mode the supply air is indirectly heated by the exhaust air through the 

plates and in most climates, heat recovery can provide most of the heating needed. 

When required the condenser heats the exhaust air and, hence, further indirectly heats 

the supply air through the plates. Outside air does not contact the evaporator and no 

frost forms until the ambient temperature has almost reached -1 SoC. Below this 

supplementary heating may be needed (McNab, No DATE). 

Figure 2.15: DICER Air conditioning Process Shown on Psychrometric Chat; Figure Legends, 1-
Outdoor condition, 2 - Supply air, 3 - Room, 4 - Duct heat gain,S - Cooling and dehumidification 

of exhaust air, 6 - State of air after PPHE, 8 - State of air due to condenser. 
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During the cooling cycle the energy from the exhaust air is recovered and at the same 

time the evaporating stream of water further cools the air entering the building. Excess 

water circulated ensures proper wetting and flushes any salt deposit on the heat 

exchanger surface. The heat pump cooling is only supplementary for excess humidity 

(more than 12 glkg) control as well as to provide extra cooling and dehumidification 

when needed. The psychrometric process of the DICER air conditioning is shown in 

Figure 2.15. 

Dehumidification of supply air is required when the moisture content becomes greater 

that r.equired for comfort as well as situations in which tight humidity control is 

required. The condensate due to dehumidification in the coil as well as in the heat 

exchanger of the DICER system is not wasted through the drain but instead utilised to 

boost the cooling potential and then passed through the drain. 

In the DICER's present form, humidification is not provided but if required can be 

applied through a steam generator which adds moisture to the supply air. For comfort 

applications in most climates humidification is not required as long as the temperature is 

maintained within the comfort zone. This is due to the revised ASHRAE comfort 

standard 55 - 2004, which ignores a lower humidity ratio for comfort air conditioning 

as long as the temperature is maintained in the occupied space without exceeding the 

humidity ratio of 12g1kg. 

The DICER system is a new configuration and an efficient method of air conditioning 

with energy recovery in the polymer plate cross-flow heat exchanger. The system 

requires a small vapour compression (approximately 50 percent smaller in capacity) for 

the same application if operating solely with outdoor air. The reported COP of the 

DICER system is in the ranger of 6 and COP increases under extreme outdoor conditions 

(McNab; Vince 1995). However, there are only a few applications that require using 

only outdoor air such as hospitals, nursing homes, operating theatres, etc. If the 

application does not require all outdoor air (most of the commercial applications) then in 

such situations the DICER system can provide energy recovery by pre-treating the 

outdoor air with the relief air that is exhausted from the building. This pre-treatment 

(pre-cooling) thus saves chiller and boiler energy consumption as well as down size 
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chillers, boilers, cooling towers and pipe work if energy recovery is integrated initially 

in the design. 

2.5 . Design Evaluation Check List Based on Literature Review: 

Table 2.1 lists the design requirements for the main functions for HV AC application 

against its system concept. The analysis is based on a literature review on both air 

conditioning systems relevant to this discussion and design process requirements at a 

purely functional level. 

Table 2.1: Check List for System Design for Different Variant of Evaporative Cooling at Functional 
Level. 

Design Design Evaluation and Requirements Check List 

Requirements 
Direct Evaporative Indirect Evaporative Dual IndireCt Cycle 

Cooling (DEC) cooling (lEC) and ICER Energy Recovery (DICER) 

Cooling -V -V --.J 

Heating x -V -V 

Humidification -V x x 

Dehumidi fication x ~ .y 
-

Provision of 

100% outdoor air " -J ..J 
--

Low energy 

usage " " " Flexibility in 

application x x " Health and safety 

issues x " " 
At the start of a design, the designer gathers general design requirements and references 

them for each design option or method. Table 2.1 summarises the evaluation of the 

direct evaporative cooling system to the DICER system in comparison to some of the 

essential design requirements of the HVAC system, based on the literature review. This 

check list includes the design requirements the system must achieve. Any requirements 

not achieved are acknowledged. A description is presented to elaborate the design 

evaluation check list of Table 2.1 in the following paragraphs which indicate each 

systems features and limitations. 
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Heating is not nonnally possible with a DEC system. With the IEC, ICER and DICER 

systems heating is possible as the heat exchanger can recover some of the waste heat 

from the exhaust air in the building. The DICER system has integrated a heat pump and 

the operation can be reversed if supplementary heating is required in the event that heat 

recovery In the plate heat exchanger is not sufficient to maintain suitable indoor 

conditions. 

Humidification is easily achieved with DEC but with the ICER or IEC and DICER a 

second stage direct evaporative cooling system should be incorporated or a separate 

humidifier is required. The DICER system is the best among these options in tenns of 

dehumidification due to the operation of a reverse cycle heat pump that takes the 

moisture load. With an IEC or ICER dehumidification is not significant as it depends 

on the dew point of the exhaust air. Nonnally, dehumidification is not possible unless 

some active dehumidification devices such as integrated cooling coils or vapour 

compression DX coils are in operation. 

The application of the DEC system is limited to hot and dry climates but with the IEC 

or ICER application is extended to moderately hUlnid c1irnates as the lEe or ICER does 

not cause direct humidification of the air stream supplied to the building. The DICER 

system is applicable in all climates due to the separate integration of an active 

dehumidification sub-system in the form of a vapour compression DX or chilled water 

coils. Thus the DICER system can provide total air conditioning except for 

humidification. 

In relation to health and safety, the DEC is more prone to build up of microbial 

contaminants as the supply air is in direct contact with water vapours. Due to direct 

contact of air and water there is greater risk of Legionella disease compared to the IEC, 

ICER and DICER systems. In the indirect evaporative cooling method of the IEC, 

ICER, and DICER systems the supply stream is completely separated from the 

evaporating stream. Due to the separate passages of the supply stream, and evaporating 

stream, the risk of Legionella disease is minimised in comparison to the DEC systems. 

However, research conducted on DEC systems indicates no health risk from Legionella 

disease (Puckorius, Thomas et al. 1995). 
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2.6 Conclusion 

This chapter provided a broad overview of existing evaporative cooling systems and 

their design. Various approaches, applications, performance comparisons and 

subsequent developments were discussed as a basis for further discussion on the DICER 

system. With the various evaporative cooling processes a design requirement check list 

was presented as a summary table. This mainly focuses on system engineering as a basis 

for further development and assessment in ensuing chapters on other competing 

technologies. 

The literature review in this field suggests that the principal limiting factor for wide 

application of the evaporative cooling system is due to weather conditions and 

geographic location. To overcome the geographic limitation in an evaporative cooling 

system, different design approaches were considered. This led to the development of an 

indirect system, followed by hybrid systems. Recent developments suggest that a 

combination of an indirect evaporative cooling with a vapour compression system can 

overcome several limitations of the evaporative cooling system. Therefore these 

combinations can be applied in most situations without having to consider excess 

humidity beyond the scope of the recent ASHARE comfort zone. Detailed discussion 

on performance analysis using physical laws, design processes for retrofit application, 

materials and manufacturing are discussed in detail in the coming chapters to provide an 

integrated approach for further development of this DICER system. 

The focus of this study is first to establish the high performance features of the DICER 

system and then to point out its areas of weakness by considering a design case study in 

a retrofit application. Functional design approaches are considered and applied. 

Technology assessment is carried out with potentially competing technologies. Life 

cycle costing is considered as a total cost of ownership and compared with similar 

products to illustrate the cost benefits. A present stat of art of manufacturing (Hand lay-

up technique) is discussed and recommended method of manufacturing (Resin Transfer 

Moulding) is proposed for cost optimization. 
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CHAPTER 3. ANALYSIS OF THE DICER SYSTEM 
PERFORMANCE 

3.1 Introduction 

Most of the early efforts on evaporative cooling were experimental. They relied on 

intuition and experience rather than on an understanding of the psychrometric processes 

that take place when air comes in contact with water droplets or a wetted surface. 

Willis Carrier laid the foundations for the science of psychrometry as a means of 

evaluating and visualising psychrometric processes (Yell ott 2002). In this chapter, 

psychrometry is applied to the DICER system and energy equations are presented for 

analysis of the interaction of heat with the primary air through the primary passages and 

secondary air through secondary passages. Later in this chapter the performance of the 

DICER system's heat exchanger is presented and compared with other models. This 

tnodel originates purely from an air conditioning perspective in which air conditioning 

system engineers are familiar with psychrometric charts and common terms applied to 

air conditioning processes such as sensible heat ratio (SHR). 

The theoretical basis of this study has been largely established by many authors over the 

last 40 years through concentrated study of the fundamentals of heat and mass transfer 

when considering wet and dry surfaces of a heat exchanger. It is essential to understand 

the models put forward by different researchers and their consequent divergent 

developments in this field in order to establish a broad theoretical basis for a design and 

manufacturing study. Design is often complicated by various factors and cannot be 

accomplished successfully in isolation. It requires a relatively broad knowledge of 

engineering sciences including materials, tnanufacturing processes, production, 

economics and design science. The need for broader study is considered necessary 

before evaluating the design, materials and manufacturing sections of the research. 

3.2 Primary/Secondary Air Inlet and Outlet Conditions 

The condition of the inlet air for the primary passage is defined by the outdoor 

(ambient) conditions while for secondary air the inlet condition is defined by the indoor 

(room) conditions. These inlet and outlet conditions establish the driving potential for 
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heat transfer in the DICER system's heat exchanger. The condition of the outlet air 

from the heat exchanger depends on the effectiveness of the heat exchanger itself. The 

performance factor or the effectiveness of an indirect type of heat exchanger was based 

on a simple direct evaporative cooling process as introduced by Pescod (1968). The 

reasons for employing the same equation to represent the effectiveness of an indirect 

evaporative cooling were due to the difficulty associated with stating the cooling 

capacity at a standard condition similar to that of the vapour compression systems. 

Thus, the cooling performance of a cross-flow heat exchanger (indirect evaporative 

cooling) is the same as that of direct evaporative cooling as defined by Equation 3.1. 

(For the state points on the psychrometric chart refer to Figure 3.1) 

1:. - T2 
& lEe == --=-----=~ 

1:. - I;wBr 
(3.1) 

The dry effectiveness (effectiveness of an IEC when the plates are dry) of an IEC is 

similar to that of air-to-air heat exchangers; and sensible heat only is involved in this 

case. The dry effectiveness of an air-to-air heat exchanger is in the range of 50 percent 

to 80 percent (ASHRAE 2000). Most commercially available air-to-air plate heat 

exchangers have a heat exchanger effectiveness of approximately 60 percent (Mascall 

2005). Ho\vever an air-to-air rotary heat exchanger rnay have effectiveness in the 

vicinity of 70 percent to 75 percent (Munters 2003). 

When the plates are wet (this refers to the wet effectiveness of an IEC), the dry 

effectiveness does not indicate the actual effectiveness of an IEC. In such cases the wet 

effectiveness is complicated by the combination of evaporation and condensation on the 

secondary and primary passages. The variations in effectiveness (when the plates are 

wet) with face velocity as presented by Pescod (1979) shows that effectiveness can be 

as high as 85 percent at a low approach velocity (0.5m1s) but at a higher face velocity 

(5m1s) the effectiveness drops to 78 percent. This indicates the superior effectiveness of 

the DICER system heat exchanger (wet effectiveness) in comparison to air-to-air heat 

exchangers (dry effectiveness). The effectiveness of the DICER system heat exchanger 

was found by Pescod to be fairly constant over a wide range of operations (Pescod 

1979). Pescod's experiment was carried out with a particular size of heat exchanger 

(838 x 368 x 470 mm (H) where the approach velocity was shown to be a important 
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factor. However, this did not necessarily point out the relationship in terms of 

temperature. Therefore it is necessary to attempt to predict effectiveness using dry bulb 

temperatures as the driving potential in the DICER system heat exchanger. 

Table 3.1 Inlet/Outlet conditions. 

Air Properties for DICER Primary air * Secondary air 

at inlet and outlet Inlet (1) Outlet (2) Inlet (5) Outlet (6) 

Dry Bulb Temperature (DC) 31.10 14.00 10.00 24.00 

Wet Bulb Temperature (uC) 22.70 12.50 9.30 22.70 

Humidity Ratio (glkg) 13.90 8.50 7.00 16.9 

Enthalpy (kJ/kg) 69.94 38.65 27.79 67.14 

*Primary air Inlet Conditions are Sydney Design Conditions 

Table 3.1 shows the experimental results of the DICER system heat exchanger (where 

mass flow rate of the supply air is 20 percent more compared to the mass flow rate of 

the exhaust air) conducted by the manufacturing conlpany FICOM Pty. Ltd. for Sydney 

design conditions (Adhikari, Dartnall et al. 2005). The psychrometric chart presented in 

Figure 3.1, il1ustrates the thermodynamic state points ofprimary air (process 1 - 2) and 

secondary air (process 5 - 6) and the overall air conditioning processes for the DICER 

system. 

Figure 3.1: Psychrometric Chart Showing the State Points for the DICER System. Figure Legends: 
1 - Outdoor condition, 2 - Supply condition to room, 3 - Room condition, 4 - Air on condition to 

VC coil, 5 - Air off condition of VC Coil, 6 ~ Air off condition of DICER heat Exchanger. 
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3.3 Heat Transfer in a Primary/Secondary Channel 

The total heat transfer equation for primary passages is given in Equation 3.2. The state 

points are shown in the psychrometric chart Figure 3.1. 

(3.2) 

Heat transfer to the secondary air is calculated by applying first law of thermodynamics 

to system including the plate and water interface shown in Figure 3.2. The heat balance 

between the primary and secondary air will result in the state of the air changing from 5 

to 6 shown in Figure 3.1. The process curve 5 - 6 remains close to and almost in 

parallel to the saturation curve, because of water sprays as well as the heat transfer from 

the primary air. The actual saturation process in the secondary air is illustrated by Wu 

and Yellott (1987). 

WaterFlow 

AirFlow 

Figure 3.2: Schematic Section of a Cross-flow Heat Exchanger Showing Primary/Secondary Air 
Flow Direction as well as the Direction of the Heat Flow 

The balance of energy and mass in the air conditioning process for the DICER system is 

described in this section. 

Energy Balance of the Plate Element 

Applying the first law of thermodynamics, the energy equation for the plate element is 

described as: Heat from the primary air + Heat entering spray water = Heat in 
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evaporated water + Heat from the plate to secondary aIr. Mathematically this IS 

expressed as follows: 

. 
q p + m sw h sw = me h fg + q s (3.3) 

Energy Balance of Primary Air 

The heat of the entering air stream + Convective heat transfer to the plate = Heat of the 

exiting air stream. Mathematically this is expressed as follows: 

(3.4) 

Energy Balance of Secondary Air 

The heat of the entering air + Heat in evaporated water + Heat convected from plate = 

Heat of exiting air. Mathematically this is expressed as follows: 

(3.5) 

l\lass Balance of Secondary Air 

The mass of moisture entering the element + Water evaporated into air stream = the 

Mass of moisture leaving the element. Mathematically this is expressed as follows: 

(3.6) 

Mass Balance of Primary Air 

This equation 3.7 is applicable if primary air undergoes condensation as well as 

evaporation. The evaporation in prinlary passages can be disregarded unless 

condensation takes place as the air is dehumidified. This is typical of the DlCER 

system; however equation 3.7 is not applicable to the leER (where the primary passage 

operates without moisture condensation and it remains dry most of the time when water 

spray is eliminated during summer heating. The operation of the lCER is similar to air-

to-air heat exchangers. 
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The mass of moisture entering the element = Mass of moisture leaving the element + 
Mass of condensate. Mathematically this is expressed as follows: 

(3.7) 

From a heat transfer point of view all these can be expressed by a simple equation 

involving a heat transfer coefficient, the area of the plate and the temperature difference. 

To simplify the analysis the following assumptions have been made. 

1. At steady state there is virtually no difference between the inlet and outlet water 

temperature circulating in the system. 

2. The water temperature is closely followed by plate temperature as the thickness 

of the water film is very small. Therefore the plate temperature can be assumed 

to be the temperature of the water. In reality due to heat conduction the plate 

temperature will be non-uniform. The problem of non-uniformity of temperature 

due to heat conduction has been solved by Chiou (1981). 

3. The required water flow should be at least equal to or greater than the 

evaporation rate while also taking into account the bleed off rate. 

With these assumptions the terms in Equation 3.8 relate to the heat transfer coefficient, 

log mean temperature difference (LMTD) and area of the heat exchanger. 

q p = VA x LlvlTD (3.8) 

These equations (3.2 to 3.7) are derived based on air properties and heat and moisture 

interaction on the cross-flow plate heat exchanger. The temperature profile in the cross 

flow heat exchanger is presented in detail by Kettleborough and Hsieh (1983), Shah and 

Sekulic (2003), and Haisheng, Carey et al. (2005). 

Evaporation Rate 

The rate of water evaporation from the air stream is expressed as the difference in the 

moisture content times the actual mass flow rate of air entering the secondary passages. 
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(3.9) 

Latent Heat Transfer 

The latent heat of evaporation is given by the mass of water evaporation per unit time 

and the enthalpy of evaporation. 

(3.1 0) 

(3.11 ) 

Where a = 2501.0, ~ = 2.412 and Tp is the plate temperature, assumed to be equal to the 

circulating water temperature in the heat exchanger (Maclaine-Cross and Banks 1981). 

Bleed Rate 

A certain amount of dissolved salt occurs naturally in all water and when the dissolved 

salt content is higher required permissible levels this requires some kind of treatment. 

A high concentration of salts due to inadequate bleed rate will result in faster fouling. 

Fouling in heat exchanger surfaces reduces performance. The cycles of concentration to 

be maintained in a cooling circuit are one of the main factors leading to the successful 

and efficient operation of the heat transfer surface without significant reduction in the 

performance. The scale control principles and method of detennining correct bleed rate 

are described by Broadbent (1998). If the cycles of concentration in the cooling circuit 

are too low, the operation will not then be efficient in terms of using too much make-up 

water or too much treatment. Thus correct bleed rate is required to protect the heat 

transfer surface from fouling. 

All make-up water for the evaporative cooling contains varying amounts of dissolved 

impurities called "dissolved salts". It is these impurities which account for alkalinity 

and hardness, and which contain sulphates, chlorides and other mineral content. The 

cooling derived by evaporation process results in water being lost from the system, and 

all the dissolved solid impurities originally in the evaporated water remaining as 

residue. The water remaining in the systerTI thus has this accumulation of impurities 
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added to its own dissolved solids. If this build up of dissolved salts is allowed to remain 

in the circulating water a point would be reached where the remaining water would be 

saturated with various mineral salts. These salts would start depositing on the heat 

transfer surfaces as a scale. 

Once the correct bleed-off and permissible cycle of concentration are determined the 
. 

actual bleed-off valve is set to the right level. The bleed rate (mb ) is normally set at 50 

percent of the evaporation rate for most evaporative cooling applications (Watt and 

Brown 1997). 

(3.12) 

3.3.1 Heat Transfer Coefficient 

There is a great degree of variation in the heat transfer coefficient in the wet and dry 

surface of the heat exchanger. The wet surface has a higher heat transfer coefficient 

than the dry surface. This is illustrated by taking a particular model (1 B0900) of the 

heat exchanger. The actual heat transfer coefficient is based on sensible (dry surface 

heat transfer) and total heat transfer (wet surface heat transfer) between the primary and 

secondary side of the heat exchanger. The details of the calculation are presented in 

Appendix 1. Table 3.2 shows the difference in the heat transfer coefficient for dry and 

wet surface heat exchangers. 

Table 3.2: Heat Transfer Calculations for ICERIB0900 at Flow Rate of 700L/s 

Dry Surface without Evaporative Cooling Wet Surface with Evaporative Cooling 

Heat Transfer Heat Transfer Coefficient Heat Transfer Heat Transfer Coefficient . when the plates are dry . when the plates are wet 
q p (kW) 

U DRY (W 1m2 K) 
q s (kW) 

U ~lET (W/m2 K) 

26.28 53.99 43.09 88.52 

The heat transfer process is dominated by the latent heat transfer through the 

evaporation of water on the secondary side. Due to the latent heat transfer involved the 

secondary channel has a much higher heat transfer coefficient compared to the primary 
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channel. The rate of evaporation depends on the contact area between water and air and 

other factors such as air velocity, fluid properties, heat flux rate, etc. To realize the full 

benefit of a large heat transfer coefficient, the heat exchange surface needs side air 

(primary channel) enhancement as well secondary channel enhancement. 

Air flow in both passages is turbulent over the range of air velocities (0.4 to 4 m/s) 

being used in practice (typical 1 to 2 m/s). The plot of the heat transfer coefficient 

versus the approach velocity for different plate spacing and protrusions varies from 

30W/m2K to about 100 W/m2K (Pescod 1980). The calculated heat transfer coefficient 

presented here is within the range predicted by Pescod's experimental result (Table 3.2). 

3.3.2 Overall Heat Transfer Coefficient (U) 

The overall heat transfer coefficient (U) combines convection and conduction on both 

dry and wet sides of the plate heat exchanger. Equation 3.13 defines the overall heat 

transfer coefficient (Holman 1992). This Equation 3.13 ignores the resistance caused by 

fouling which normally accounts for performance reduction as well as contributing to 

increasing pressure drop without any heat transfer benefit. The fouling resistance for 

plate heat exchangers is roughly 10 times lower than in shell and tube heat exchangers. 

Fouling resistance for plate heat exchangers with various types of water (soft water, 

cooling tower water, sea water, river water) as a process fluid is provided by Shah and 

Sekulic (2003). 

U =(_1 +_~ +_1_J-1 
up k uS(Wet) 

(3.13) 

The heat exchanger material is normally made of aluminium or copper but in the case of 

the DICER system the heat exchanger material is food grade PVC. The conductivity of 

aluminium is 204 W/mK in its pure form and its alloy has the conductivity of 164 

W/mK. For copper in its pure form the conductivity is 398 W/mK and commercial 

grade has 372 W/mK. For PVC the conductivity is 0.15 W/mK (Bejan 2004). Figure 

3.3 illustrates the variation of overall heat transfer coefficient against thickness for 

aluminium and PVC. 
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From Equation 3.13, the maximum possible U-value occurs when the thickness of the 

plate (Lll" ) is zero, which is physically not possible, but maximum V-value implies that 

the thickness should be as small as possible. Differentiating Equation 3.13 with respect 

to thickness (Lll") results in: 

(3.14) 

This means the overall heat transfer coefficient decreases as thickness (L\x) increases 

and the penalty for increasing the thickness of a material of low conductivity is greater 

than when a material of high conductivity is used. The Figure 3.3 illustrates the effect 

of decreasing the material thickness against overall heat transfer coefficient for 

Aluminium (a highly conductive material) and PVC (a material of low conductivity). 

The design requirements, applications and strength/rigidity criteria should be checked 

for rigid food grade polymer (PVC) against known common heat exchanger materials 

such as aluminium or copper before any replacement is recommended. 

r
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Figure 3.3: Overall Heat Transfer Coefficient vs. Thickness for PVC and Aluminium. 

At thickness (L\x) = 0.2mm (= 0.0002 m) the overall heat transfer coefficient using 

aluminium (UAI) is 33.53 W/mK and for PVC (Upve) is 32.12 WltnK (Resistance = 
0.03113). The difference between the overall heat transfer coefficients between these 
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two heat exchanger materials at the specified thickness of 0.2 mm is only 1.43 W ImK. 

The benefit of replacing PVC with aluminium results in only a 4.2 percent gain in the 

heat transfer coefficient which should be weighed against cost, material processing and 

scaling related problems as metals are more prone to scaling, resulting in faster 

performance deterioration (Pescod 1974). 

When companng aluminium with PVC the overall heat transfer coefficient is not 

directly related to thermal conductivity. In this case the ratio of thermal conductivity 

for aluminium and PVC is 1360: 1, but the ratio of heat transfer coefficient varies from 

3.04: 1 to 1.02: 1. The relatively low thermal conductivity of the plastic material will be 

less significant if the inner and outer film coefficient becomes a limiting resistance. 

These conditions are encountered in applications where heat is exchanged between the 

evaporating stream of water and air. 

3.3.3 Potential for Further Heat Transfer Augmentation 

For a cross-flow multi fluid heat exchanger the ratio of thermal resistance between two 

fluid streams is of primary importance in detennining any augmentation that may be 

advantageous. Heat transfer augmentation shou1d be considered for the stream that 

controls the thennal resistance. If the thermal resistances of both streams are equal (eg. 

dry to dry heat exchanger) one should consider augmenting both sides of the heat 

exchanger given the constraints of size, weight and pressure drop. 

Most heat transfer augmentation process involves an increase in the area of the material. 

The most widely adopted nlethod is the addition of the extended surface known as 

"fins". Heat transfer through fins is a complex process extending from the root to the 

tip and neither the temperature nor the heat transfer coefficient is uniform. To simplify 

this problem constant fluid temperature and constant heat transfer coefficient are 

assumed. The term fin efficiency is used to relate to the fin dimensions and heat 

transfer coefficient from fluid to fin. There may be several reasons for augmentation of 

the heat transfer surfaces; the most important and significant one is to reduce the 

resistance on the side of a heat exchanger where the coefficient is low (Webb 1994). 

This then balances the overall heat transfer process in the heat exchanger. Further 

reasons for enhancement require a reduction in size and therefore the cost of the heat 

52 



exchanger. At the same the pressure drop for minimum frictional resistance must be 

taken into account in order to minimize the fan power. 

The negative side of enhancement is the penalty associated with fouling in proportion to 

the area, which will then reduce the life of the heat exchanger and lower the pressure. 

For simplicity the plate fouling resistance is ignored. Using the data presented in Table 

3.2, the potential for augmentation is estimated for this particular heat exchanger. The 

dry plate overall heat transfer coefficient udry is 26.995 W/m2K (Assume for the dry 

plates udry = U DR;{ ) (Resistance = 0.03704) and the wet plate overall heat transfer 

coefficient uwet is 44.26 W/m2K. (Assume for the wet plate uwet = U wi (Resistance 

= 0.0226). The length of the passage is 0.6m and the surface area is 0.3025m2. The 

potential for augmentation is evaluated by using Equation 3.15 (Webb 1994). 

L L L 
-=--+--
VA udryA uwetA 

(3.15) 

In this case with this particular model of heat exchanger (ICERIB0900) 65 percent 

(0.03704/0.0569) of the total thermal resistance is on the primary passage. This shows 

significant benefit would result from primary passage augmentation where a 65 percent 

improvement can theoretically be achieved if augmentation is considered for better 

performance taking into account the size of the heat exchanger. 

3.4 Effectiveness Model for the DICER type of Heat Exchanger 

The following model has been developed to predict the effectiveness of the DICER 

system heat exchanger. The representation is based on the laws of thermodynamics. and 

heat transfer fundamentals. This model is based on the fact that heat transfer is 

governed by the dry bulb temperature difference between the interacting fluids instead 

of the dry bulb temperature of one fluid and wet bulb temperature of the other. Energy 

and mass conservation principles are employed and a comparison is presented with 

other authors. Applying the first law of thermodynamics for the control volUlne shown 

in Figure 3.2 the energy interaction can be presented as follows: 
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Neglecting the potential energy and the kinetic energy change at the inlet and outlet of 

the heat exchanger, Equation 3.16 and 3.17 reduces to primary side and secondary side 

heat transfer rate. 

Primary air: 

(3.16) 

Secondary air: 

(3.17) 

Applying the energy balance between the primary and secondary air (heat loss by 

prilnary air = heat gain by secondary air) the heat transfer equations are: 

(3.18) 

(3.19) 

The rate at which this heat is transferred in a heat exchanger depends on the overall heat 

transfer coefficient (Ul, surface area (A) and the log-mean temperature difference 

(LMTD). The LMTD represents the accurate temperature difference between the heat 

transfer fluids across a heat exchanger. Thus this basic equation for heat transfer is used 

by the heat exchanger industry to specify the heat transfer rate. 

q=UAxLMTD (3.20) 

The LMTD in Equation 3.20 represents the maximum temperature potential for heat 

transfer which can only be obtained in a true counter-flow heat exchanger. A correction 

factor can be introduced for a cross-flow heat exchanger. Previous research at the 

CSIRO has shown the cross-flow factor is in the range 0.902 to 0.915 for the heat 

54 



exchanger used in this study (Pescod 1979). However, when there is condensation and 

evaporation the cross-flow factor can be ignored as this factor becomes unity under such 

conditions (Cengel 1998). 

The LMTD for the DICER system as shown in psychrometric chart Figure 3.1 can be 

defined as: 

(3.21) 

Equation 3.18 and 3.19 can be expressed in terms of temperature by defining sensible 

heat ratio (SHR). The SHR is defined as the ratio of sensible heat to total heat (latent 

and sensible) removed from the air stream (Arora 2001). 

Sensible Heat Transfer SHR = 
Total Heat Transfer 

h _ h = Cp 1- 2 X (TI - T2 ) 

1 2 SlfR 
1- 2 

Substituting (h 1 - h2) in Equation 3.18, 

SliRl _2 

Similarly the secondary side heat transfer can be expressed as: 

q• = :.zSXCP5_6 X [(T6 -7;)] = K, x[(r -T )] 
SHR ~ 6 5 

5- 6 

(3.22) 

(3.23) 

(3.24) 

(3.25) 
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Define KJ and K2 as: 

. 
Equating equation 3.24 and 3.25 and 3.20 eliminates the heat transfer rate q . 

(3.26) 

(3.27) 

Solving Equation 3.26 for outlet air telnperature T6. 

(3.28) 

Substitute T6 in equation 3.27 gives, 

In (7; -[ ~x [(7; -T2 )]+ T, ]J =UA x [(I; -T,)-([~X [(I; -7;)] + T, ] - T, )] 

(T2 - Ts ) . K} x [(~ - T2 )] 

(3.29) 

(3.30) 

Define Has, 
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H = UAX(_l __ l_J 
K} K2 

Simplifying equation 3.30 results, 

(3.31 ) 

Equation 3.31 pennits the computation of the outlet temperature (T2) when both 

entering temperature TJ (outdoor air temperature) and T5 (PPHE entry temperature) are 

known. Once T2 is known then using heat balance (First Law of Thennodynamics) the 

state point T6 is determined. 

The detennination of state point 5 on the psychrometric chart Figure 3.4 is a function of 

the physical and functional characteristics of a conditioning apparatus and represents the 

portion of air which is considered to pass through the conditioning apparatus and remain 

completely unaffected. The condition of the entering and leaving air at the conditioning 

apparatus and the apparatus dew point are related psychometrically to the bypass factor. 

To relate the bypass factor and apparatus dew point to the load calculations the effective 

sensible heat factor tenn was developed, which simplifies the computation and 

equipment selection (Wickham 1994). Thus state point 5 can be detennined once the 

load imposed on the conditioned space is known. 

When cooling loads are unknown then T2 can be solved analytically using the method 

presented above. When cooling loads are known the supply air temperature can be 

estimated from the air conditioning cooling load calculation. Once T2 is known the 

resulting heat balance in the primary and secondary passages will result in state point 6 

as shown on the psychrometric chart 3.4. 

For a given heat exchanger increasing LMTD means decreasing the effectiveness which 

decreases the heat transfer area. Thus a suitable heat exchanger can be sized iteratively 

for the required heat transfer to occur with desired L.MTD. In such a case a suitable 
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LMTD for a cross-flow heat exchanger can be estimated for its greatest temperature 

difference versus the smallest temperature difference from the data presented by Hughes 

and Fricker (2000) or from other heat transfer design handbooks. 

The following paragraphs describe the effectiveness of the DICER model developed 

using the psychrometric chart and heat transfer principles involved in the aIr 

conditioning process of the DICER system. The psychrometric conditions for the 

DICER system are shown in Figure 3.4. The mass transfer or condensation on the heat 

exchanger is taken into account by considering sensible heat ratio (SHR). Using SHR 

in the model developed here eliminates the complication of assuming unity Lewis 

number to relate the heat transfer coefficient to the mass transfer coefficient. The use of 

the Lewis number in analytical models of an indirect evaporative cooling is not 

supported by experimental results (Peterson and Hunn 1991). This model is entirely 

based on performance prediction using dry bulb temperatures only as the driving 

potential for heat exchange process instead of the wet bulb temperature of secondary air 

and dry bulb temperature of the primary air. The psychrometric chart, psychrometric 

terms (eg, SHR) and properties of moist air are used to derive the effectiveness of the 

DICER system heat exchanger (Adhikari, Dartnall et aL 2005). 

Figure 3.4: DICER Psychrometric Chart Showing Maximum and Actual Heat Transfer Process 

The actual heat transfer process (process line 1 - 2) is shown in the psychrometric chart 

Figure 3.4. If the heat transfer process is ideal (assuming an ideal heat exchanger with 
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infinite length) then state point 2 on the psychrometric chart will approach state point 5 

as shown by the arrow pointing towards state point 5 from state point 2. The maximum 

possible heat transfer could be represented by the process 1 - 5 in the case of an ideal 

heat exchanger. Using the first law of thennodynamics between primary passages and 

secondary passages in an ideal heat exchanger the state point 6 will be directed towards 

state point 7. The process line 5 - 7 represents the maximum possible heat transferred 

from the primary air to the secondary air if the heat exchange process were ideal. 

Referring to Figure 3.4 the total or the actual heat transfer is the product of the mass 

flow and enthalpy difference. 

Actual Heat Transfer (q t) = m p x (hI - h2 ) (3.32) 

Sensible heat transfer is the product of mass flow rate times average specific heat times 

the temperature difference between the inlet and outlet. 

. . 
Sensible Ileal Transfer (q Sen) = mpx CPI-2 X (~ - TJ (3.33) 

Using the definition of the sensible heat ratio, the SHR for process 1 - 2 is defined as: 

(3.34) 

Rearranging, 

(3.35) 

The total actual heat transfer in given by Equation 3.32. For an ideal heat exchange 

process state point (2) tends to approach state point (5), as shown in the psychrometric 

chart Figure 3.4. Then the maximum possible heat transfer is given by Equation 3.36. 

. . 
Maximum possible Heat Transfer (qmax) = mpx (hI -hs) (3.36) 
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The total heat loss by primary air is equal to the heat gained by the secondary air which 

is wetted by the evaporating water flow. 

(3.37) 

Using the sensible heat ratio (SHR) the enthalpy difference can be expressed as: 

h _ h = Cp 5-7 X (T7 - T5 ) 
7 5 SHR 

5-7 

(3.38) 

Specific heat capacity (Cp) of the air represents the average specific heat capacity 

when the air undergoes a process on the primary passages ( CPl-2) and on the secondary 

passages (CP5-7)' 

The heat exchanger effectiveness is defined by Holnlan (1992). 

Actual Ileat Transfer 
&=--------------------~--------

Maximunl possible Heat Transfer 
(3 .39) 

Using equations 3.32, 3.36, 3.37 and 3.38 and substituting in Equation 3.39 the 

effectiveness of the indirect evaporative cooling can be expressed in terms of dry bulb 

temperatures. Thus this Equation 3.40 eliminates the quasi-analogous effectiveness of 

the direct evaporative cooling system used for the DICER type of indirect evaporative 

cooling when based on wet bulb temperature as indicated by Equation 3.]. The 

effectiveness of this modified model for an indirect evaporative cooling (eg. DICER 

heat exchanger) where both heat as well as mass transfer takes place is represented by 

Equation 3.40. 

This method of model prediction requIres an understanding of the psychrometric 

process. A psychrometric chart is essential for this analysis and presents a siInple tool 

for design engineers using in-depth first law analysis to estimate the cooling capacity 

for a given heat exchanger (Adhikari, Dartnall et al. 2005). 
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(3.40) 

Effectiveness based on a temperature difference approach assumes an infinite or very 

large heat exchanger area (This is assumed by stating maximum possible heat transfer) 

first and then iterates to find the required area (Shah and Sekulic 2003). The 

effectiveness model developed here is defined utilising the first law and then the 

inherent concept of the second law of thermodynamics by assuming the maximum 

possible heat transfer. 

The Division of Mechanical Engineering of the CSIRO conducted an experimental 

investigation in a plate type cross-flow heat exchanger. In this experimental 

investigation an overall effectiveness of 85 percent was achieved over a normal range of 

working conditions. The result of the experiment concluded that effectiveness was 

mostly affected by the velocity of the approaching air and the wettability of the plates. 

The test, conducted on various plates with various wetting agents (chemical treatment), 

is reported by Chan (1972, 1973) and is compared with untreated plates. The 

relationship of the effectiveness of an indirect type of plate heat exchanger with 

approach velocity is illustrated by Equation 3.41 (Pescod 1794). 

1 
(3.41 ) 

Where the value constants used in Equation 3.41 are: x = 0.6 and a = 0.352. 

The application of this model is limited, as this Equation 3.41 only shows the results of 

the test carried out for one size of plate heat exchanger and on the basis of approach 

velocity as a strong function of its effectiveness. In addition Equation 3.41 does not 

take into account wettability and condensation (dehumidification) which is usual in a 

DICER heat exchanger. The Equation 3.41 is represented graphically in Figure 3.5. 
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Figure 3.5 Effectiveness Vs. Approach Velocity [Source: (Chan 1973)] 

Tests on the effect of surface wettability on heat exchanger plates were conducted by 

Wang and Reid (1996). The plates used were aluminium with various coatings. By 

varying the water to air ratio for different water spraying rates an effectiveness model 

was proposed. For the case shown in Figure 3.6 the air flow rate is set at 0.75m3/s. 

The performance of an indirect cross-flow heat exchanger increases dramatically by 

increasing the water flow rate (shown in Figure 3.6) . However, the performance 

essentially remains constant for higher rates of water flow. The water retention (surface 

wettability) test for most of the surfaces con-elates well with the corresponding cooling 

effectiveness. As the water air ratio exceeds 0.044, any further increase of spray water 

has an insignificant impact on effectiveness (Wang 2001). 

70~----·--------------------------------~ 

~ 60 
i 
Q) 50 
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~ 
~ 40 
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0.011 0.022 0.044 0.055 
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Figure 3.6: Effectiveness Vs Water Spraying Rate, Source: (Wang 2001) 

The model proposed by Kettleborough and Hsieh (1983) added a wettability factor into 

Pescod's lTIodel. The result of the experiment showed that effectiveness increases 
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dramatically with increasing wettability but after a certain point there seems to be less 

gain in effectiveness with further increase in wettability. This observation is confirmed 

by Wang (2001) in his experimental observations. The rate of flow of spray water in 

this case varied from 1 to 30 times the evaporation rate. Pescod confirmed that for 

sufficient wetting and minimum salt deposit the spray water flow should be maintained 

at 30 times the evaporation rate (Pescod 1979). 

Further research into indirect evaporative cooling was carried out by Peterson and Hunn 

(1991). The model predicted is given by Equation (3.41). This model is valid when 

NTU tends to infinity and is derived from £ - NTU relations for cross flow heat 

exchangers with both fluids mixed. Similar models are reported in other literature 

(Kays and London 1964; Shah and Sekulic 2003). 

Since £ and NTU relations are dimensionless variables they provide no information on 

the size of the heat exchanger. For practical considerations it is important to know the 

size and determine dimensional variables as well as the size of the heat exchanger. 

Effectiveness based on size is a more practical approach as changing the area changes 

NTU as well as £ for the desired heat transfer (Shah and Sekulic 2003). 

1 
E=----

1 + Cmax 

Cmin 

(3.42) 

Equation 3.42 is an analytical model for a cross-flow pate heat exchanger based on the 

capacity ratios of the fluids. The experiment conducted by Peterson based on the above 

analytical model (Equation 3.42) shows that there is some degree of variation at high 

and low capacity ratio shown in Table 3.3. This deviation is explained by incomplete 

wetting and a significant amount of heat transfer from secondary to primary air streams 

through dry surfaces (Peterson 1993). 

Most of the theoretical models predicted are based on the unity Lewis number (a 

dimensionless number to correlate heat and a mass transfer coefficient). An assumption 

of unity Lewis can be applied to an evaporative air conditioning process but may not 

capture all the significant variables as this assumption involves some of the 
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performance reducers. The Lewis number is not unity but close to unity for moist air or 

evaporative air ~onditioning (Peterson and Hunn 1991). A plot of the results shown in 

Table 3.3 by Peterson (1993) is provided in Figure 3.7. 

Table 3.3: IEC Effectiveness Based on Capacity Ratio. 

Run CmiofCmax Theoretical E (eq. 3.34) Measured E 

1 0.295 0.77 0.75 

2 0.322 0.76 0.76 

3 0.363 0.73 0.73 

4 0.411 0.71 0.71 

5 0.467 0.68 0.68 

6 0.543 0.65 0.66 

7 0.68 0.60 0.60 

8 0.868 0.54 0.55 

The model developed (Equation 3.40) does not introduce the concept of the Lewis 

nunlber but introduces the concept of sensible heat ratio which relates to heat as well as 

moisture transfer expressed as a ratio. Thus SHR shows a link with the Lewis number 

concept, but assumption of Lewis number unity may introduce error in the analytical 

prediction, \\rhich is avoided in the model developed in this thesis. All essential energy 

balances are systematically considered for accurate energy and performance analysis. 

The model is derived using simple algebraic equations to calculate the outlet 

temperatures. 

80 ----'- ------------1 -I 

j 
I 
I 
~ 

40 ---r----,,------,---,,.--,---.-,--~-_,____----j 

0.295 0.322 0.363 0.411 0.467 0.543 0.68 0.86,>j 
cmaicmin 

___ -->, - - ~asured , , ---- lheore_ti_ca_I-...L.l __ _ 

Figure 3.7: IEC Effectiveness Based on Capacity Ratio 
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For the purposes of verification the proposed model (Equation 3.40) is tested for 

outdoor conditions shown in Table 3.4 (these results are not experimental verification 

but verification using different inlet conditions as shown in Table 3.4), by assuming a 

constant specific heat on both primary and secondary passages. For simplicity the 

secondary air is assumed t() be fully saturated. The plot of these outdoor conditions is 

also illustrated in the psychrometric chart (Figure 3.8) and supply conditions are 

assumed to be "fixed outlet conditions" as typically encountered in coil off conditions. 

The flow ratio (the ratio of supply air to exhaust air) is initially set to 1.25 and the 

effectiveness is calculated as shown in Table 3.4. The variation of effectiveness against 

SHR is plotted in Figure 3.9 for flow ratio of 1.25, 1 and 0.8. 

Table 3.4: Outdoor Conditions and Variation of Effectiveness with Sensible Heat Ratio. 

Outdoor Supply Cooling Coil (C/C) Air off Heat Sensible Heat Ratio Flow 
Effectiveness 

Conditions Condition (S) off Condition Exchanger (SHR) Ratio 

Tl WBTI WI T2 W2 h2 Ts Ws hs T7 SHRl -2 SHR5-7 FR E 

35 20.0 8.5 14 8.6 35.7 10 7.4 28.6 21.8 1.0 0.33 1.25 0.75 

35 20.5 9.2 14 8.6 35.7 10 7.4 28.6 22.5 0.91 0.33 1.25 0.76 

35 21.0 9.9 14 8.6 35.7 10 7.4 28.6 23 .0 0.85 0.33 1.25 0.78 

35 21.5 10.6 14 8.6 35.7 10 7.4 28.6 23.6 0.79 0.32 1.25 0.79 

35 22.0 11.3 14 8.6 35.7 10 7.4 28.6 24.2 0.74 0.32 1.25 0.80 

35 22.5 12.0 14 8.6 35.7 10 7.4 28.6 24.8 0.69 0.32 l.25 0.81 

35 23.0 12.8 14 8.6 35.7 10 7.4 28.6 25.3 0.65 0.31 1.25 0.82 

35 23.5 13.5 14 8.6 35.7 10 7.4 28.6 25.9 0.62 0.31 l.25 0.83 

35 24.0 14.3 14 8.6 35.7 10 7.4 28.6 26.5 0.58 0.31 1.25 0.84 

35 24.5 15.1 14 8.6 35.7 10 7.4 28.6 27.0 0.55 0.30 l.25 0.84 

35 25 15.9 14 8.6 35.7 10 7.4 28.6 27.5 0.52 0.30 1.25 0.85 

The variations in effectiveness with respect to flow ratio are also presented in Figure 

3.8. This agrees closely with the experimental results obtained by Chan at CSIRO 

(Chan 1973). Chan's results were based on the approach velocity as given by empirical 

Equation 3.41. 
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Figure 3.8: Psychrometric Chart Showing the Variation of Outdoor Conditions and the Heat 
Exchange Process in the DICER Heat Exchanger 

In the model proposed (Equation 3.41) by Pescod (1974) the constant 'a' and 'x' must 

be determined for every single heat exchanger model tested. This is a limitation of the 

model proposed by Pescod and tested by Chan. A further limitation is the accurate 

measurement of velocity at the inlet section of the heat exchanger. This difficulty is due 

to the flow non-uniformity created by the bends or due to uneven resistances in the inlet 

flow path. Measurement of velocity does not reveal the extent of temperature drop 

across the heat exchanger in the first instance. However, Pescod's model based on 

approach velocity provides the insight that velocity is a factor affecting performance 

and provides a gauge to design an appropriate approach velocity for uniform flow and 

avoid flow maldistributions which affect the effectiveness in the heat exchangers. 

Effectiveness expressed as a temperature differential across the flow streams may be a 

better means to identify the heat exchange process in a heat exchanger. This is a direct 

method of calculating effectiveness without any knowledge of the approach velocity. 

But knowledge of the approach velocity should be kept in mind while designing a heat 

exchanger in order to have uniform air distribution. The flow maldistribution and 

conduction along the heat transfer surface reduces performance. A detailed analysis and 

treatment of flow mal-distribution is presented by Chiou (1978), Chiou (1981), 
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Ranganayakulu, Seetharamu et al. (1997), Rao and Das (2004), Rao, Sunden et al. 

(2005). 

Figure 3.9 provides further insight into the process of the DICER heat exchanger in two 

modes of operation; dry/wet and wet/wet surface heat transfer. The effectiveness is 

lowest (-- 75%) when the sensible heat ratio (SHR) is unity. This refers to sensible 

cooling only without moisture extraction in the primary channel. The secondary 

channel is always wet due to water spray and evaporation, more specifically "cold" 

evaporation (Lock 1994). The decrease in the sensible heat ratio suggests some latent 

heat extraction from the primary air. Effectiveness increases as the heat exchanger plate 

is wet on both sides, suggesting that a wet surface heat transfer is more effective than 

dry/wet or dry/dry. This supports the theory of wet surface heat transfer which is more 

effective than dry/dry or wet/dry surface heat transfer. The increase in effectiveness is 

due to droplet fonnation on the primary passage which promotes drop-wise 

condensation and heat transfer due to droplet evaporation leaving the supply air stream 

to be cooled further. The maximum effectiveness with a flow ratio of 1.25 (exhaust 

streaITI = 80% of primary stream) is 0.85 . .The results of Chan's experiment at the 

CSIRO also suggest that an effectiveness of 0.85 was achieved. This result is slightly 

more optimistic than the numerical and experimental results of Peterson and Hunn 

shown in Table 3.3 . 
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Figure 3.9: Variation of Effectiveness with Sensible Heat Ratio 
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Wang's result (Figure 3.6) is purely based on the wettability factor of aluminium plates 

and effectiveness is based on a water flow to air flow ratio. However his results do not 

compare the flow ratio between the primary and secondary air. 

Figure 3.10 shows the plotted effectiveness versus flow ratio. Most buildings require 

pressurisation which means the exhaust flow is less than the supply to account for 

leakage. This ratio of supply to exhaust is typically 1.25 (Exhaust flow = 80% Supply 

flow). Under such situations effectiveness is somewhere in the order of 75 percent. A 

gradual decrease in effectiveness is then revealed as the flow ratio is decreased. This is 

due to the unbalanced nature of the heat exchanger as primary side has larger resistance 

for heat transfer even though the secondary side has greater potential for the heat to be 

transferred to the primary side (see Table 3.2). If the primary side air flow is decreased 

then obviously this results in a decrease in effectiveness. This investigation supports 

the previous argument for further heat transfer augmentation on the primary side of the 

heat exchanger to increase the effectiveness even at reduced primary air flow, for 

relatively constant performance for a wide range of air flows at primary and secondary 

passages. 
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Figure 3.10: Variation of Effectiveness with Flow Ratio 

The experimental verification of the proposed model has not been carried out, but any 

future work should validate the theoretical claim related to its effectiveness. The 

experimental analysis is outside the scope of this thesis and any future work should 

identify the behaviour of the proposed effectiveness model and its validity in different 

operating conditions. 
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Due to DICER's high efficiency compared with other products such as a rotary sensible 

heat exchanger, enthalpy wheel, cellulosed based etc., these are ideally suited for air 

conditioning to effectively deal with high latent heat in tropical climates. The other 

feature is that the heat exchanger is totally heat sealed so there is no cross over. This 

means more energy is available for recovery from the exhaust without leakage. 

Leakage in a typical rotary heat exchanger is around 10 percent which pollutes the 

supply air as well as being a performance reducer due to leakage. 

The DICER system of heat exchanger enhances the coefficient of performance (COP) of 

operating a vapour compression system that blows cool and moist air at about 22 to 

24°C. In a hot summer (35°C outdoor ambient temperature) the condensing temperature 

of the vapour compressor condenser is typically 10 to 15°C above the ambient. This 

elevates the condensing pressure hence the compressor has to work harder. In a DICER 

the temperature surrounding the condenser is not the outdoor air but cool humid air 

which lowers the condensing pressure and hence the condensing temperature. This, 

then, improves the COP. This feature is unique to the DICER operating principles. 

Other heat exchangers do not contribute to direct COP improvement by lowering the 

condensing temperature. However on the negative side, the DICER system requires a 

lower suction tenlperature for its vapour compression section which is compensated for 

by lowering the condensing temperature as described. 

3.5 COP of Indirect Evaporative Cooling 

The coefficient of performance (COP) for a heat pump is defined as the ratio of cooling 

capacity (thermal energy output) to the input energy (usually electrical energy) needed 

to operate the compressor and fans. In the case of a regenerative type of evaporative 

cooler the COP is primarily governed by the amount of energy recovered for input 

energy to operate fans and pumps. In the case of hybrid systems the coefficient of 

performance is the combined effect of the heat pump and energy recovered in the heat 

exchanger. The compressor power input is the function of the evaporator and condenser 

temperature and as well as the degree of superheating. The specific compressor work is 

given by Equation 3.43 (ASHRAE 2000; Arora 200 1). 
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(3.43) 

The power required by the compressor is determined by establishing the energy input 

and the mass flow rate of the refrigerant. Compressor efficiency is introduced to take 

into account the inefficiencies and losses of the system. The compressor power 

requirement is given by. 

mrX WComp PComp = -----=--
1JComp 

(3.44) 

In an indirect evaporative cooling the compressor is normally eliminated. Fans cause 

air flow through the heat exchanger and a pump is provided to spray water which 

evaporates on the surface of the heat exchanger. When considering a hybrid system the 

compressor energy and its COP are taken into account. For regenerative evaporative 

cooling the COP is defined by. 

CO D _ Energy Re covered 
FlEe - Fan and PUfnp Energy Input 

(3.45) 

The energy recovered is determined by the heat transfer characteristics of a particular 

heat exchanger. The cooling effect due to the regenerative heat exchanger depends 

upon both sensible as well as latent heat transfer. The effectiveness or the performance 

factor is used to calculate the outlet conditions. Knowing the outlet conditions, the 

cooling capacity can be expressed as: 

• 
(3.46) 

The energy input is determined by the hydraulic performance and flow resistances in the 

heat exchanger which depend on the plate spacing and length of the flow path. The 

pumping capacity required is based on the evaporation rate and water flow required to 

completely wet the heat exchanger surface. In an evaporative cooler the water flow rate 

should be at least 30 times the evaporation rate. The evaporation rate is given by 
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Equation 3.9. Thus the pumping capacity should be sufficient to account for 

evaporation, bleed rate and drift losses. The bleed evaporation rate differs depending on 

the size of the heat exchanger and the air flow, and thus the pumping capacity also 

differs. The pumping capacity should be sufficient to overcome the pipe friction losses 

and may be calculated from. 

p =L1pxV 
Pump 

17 pump 
(3.47) 

The head loss (pressure loss) is calculated from the Darcy Weisbach equation and the 

pump head should be sufficient to overcome the head loss in pipes and other losses in 

the entrance and exit of the water distribution system of the lEe. 

The total pressure drop accounts for entrance, lTIOmentum effect, core friction and exit 

effects. The core pressure drop due to friction is the dominant term and accounts for 

more than 90 percent of the pressure drop. The entrance effect indicates the pressure 

loss and the exit effect indicates a pressure rise, thus the net effect of entrance and exit 

compensate for each other (Shah and Sekulic 2003). The core pressure drop is indicated 

by the frictional pressure drop represented by the Darcy Weisbach equation. Assuming 

both fans operate at the same efficiency. 

A f 4x Lx pxv2 

tip = X -----
2xDh 

Total fan power required for the DlCER heat exchanger is given by. 

() . () . !J. xV +!J. xv. P = {J fan . Pr imary p {J fan Secondary S 
fan 

1Jfan 

Therefore the COP of an lEC is given by: 

(3.48) 

(3.49) 
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COP
fEe 

= __ q_t __ 
Plan + PPump 

(3.50) 

If the hybrid system (DICER) is considered, then the overall COP would be the COP of 

an IEC and COP of a vapour compression system: 

(3.51 ) 

Where q vc is the vapour compression cooling effect. In general practice the COP of the 

vapour compression system is assumed to be 3 (Yellott 2002). The COP for an indirect 

evaporative cooling, both tube and plate type, is given by Chen, Qin et al. (1991). 

Similarly the COP of a hybrid system having plate type IEC with a vapour compression 

system is experimentally measured by Vince (1995). Vince concluded that the hybrid 

system COP can be as high as 6.5. 

Table 3.5: COP for a Plate Type Indirect Evaporative Cooling. 

Outdoor air Air flow Effectiveness Water flow Pumping Power (Watts) 
COPU:c 

DBT W (LIs) (t) (Lis) Air side \Vater side 

26 10 700 0.8 0.09 280 3.1 42 

28 10 700 0.8 0.10 280 3.5 46 

30 10 700 0.8 0.11 280 3.8 49 

32 10 700 0.8 0.12 280 4.1 53 

34 10 700 0.8 0.]2 280 . 4.4 57 

36 10 700 0.8 0.14 280 4.7 61 

38 10 700 0.8 0.15 280 5.1 64 

40 10 700 0.8 0.15 280 5.4 68 

Table 3.5 illustrates the COP of an IEC at flow rate of 700 Lis and with a flow ratio of 

1.25. The pressure drop in the heat exchanger on the primary side is taken to be 120 Pa 

and on the secondary side, 150 Pa. The water side pressure drop in the spray nozzles of 

the distribution pipe is approximately 35,000 Pa. The fan and pump efficiency is 
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assumed to be at 60 percent. These data were obtained from the manufacturer of this 

particular type of heat exchanger (McNab 2004). 

The plot of a COP for indirect evaporative cooling is presented in Figure 3.11. The 

outdoor conditions of the dry bulb temperature are for a constant humidity ratio of 10 

g/kg. The result of this analysis shows a very high COP. A Similar analysis performed 

by Chen and Qin concurs with these results showing a high COP for indirect 

evaporative cooling. Chen's and Qin's results revealed a very high COP in the range of 

62.9 to 159.5 for the primary flow of 1906 CFM (= 900 Lis) and secondary flow of 800 

CFM (=377.6 Lis) at a fixed dry bulb temperature of 170.6 of (42°C) by varying the wet 

bulb temperature from 95°F (35°C) to 686°F (20°C). The effectiveness of their heat 

exchanger however was lower, being in the range of 0.6 to 0.71, whereas in the case of 

the DICER, the system effectiveness was 0.8. Similar other studies on the performance 

of indirect evaporative cooling systems studied by Davis Energy Group (Bourne 2004) 

and field evaluation of PATH technologies (Steven Winter Associate, 2006) also 

concluded that COP of the indirect evaporative cooling system are very high. The 

reported EER is in the range of30 to 100. 
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Figure 3.11: COP Variation of an lEe at Different Outdoor Temperatures. 

This COP is based on the assumption that chilled water is available. However in the 

DICER system the chilled water is manufactured by the vapour compression system 

with a typical COP of 3. So to reflect the true COP of the DICER system the vapour 

compression COP should be taken into account. 
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Figure 3.11 only shows the COP for ICER or indirect evaporative cooling. To compute 

the COP of the DICER with a typical vapour compression COP of 3 is assumed and the 

mean is computed. The arithmetic mean deviates towards the larger number and the 

hannonic mean deviates towards the lower number. The geometric mean represents 

somewhere in between. The result of this is shown in Table 3.6. Vince's experimental 

report on the hybrid system (DICER) showed a COP of up to 6.5. 

Table 3.6: COP of the DICER System at Different Mean Values 

COP ofDICER System 
COPIEC COPvc 

Geometric mean Arithmetic mean Harmonic mean 

42 3 11.2 22.5 5.6 

46 3 11.7 24.3 5.6 

49 3 12.2 26.2 5.7 

53 3 12.6 28.1 5.7 

57 3 13.1 30.0 5.7 

61 3 13.5 31.8 5.7 

64 3 13.9 33.7 5.7 

68 3 14.3 35.5 5.7 

Note these COP presented here do not take the pressure drop across the filter, (typically 

30 to 50 Pa) drift eliminators, pressure drop across the bends, flow paths and various 

parasitic losses into account. Only the heat exchanger core is considered to be in 

relative comparison with other heat exchangers for which the pressure drop is defined. 

3.6 Thermo-economic Optimisation 

This section combines total cost and perfonnance to provide the designer with 

infonnation which is crucial to the design and operation of a cost effective system. The 

reason for carrying out such analysis is to identify the optimum interaction of its sub-

systems. In the case of the DICER system a cross-flow heat exchanger and its vapour 

compression part fonns the total system. In the design and analysis of a thennal system 

thenno-economic study identifies the technical options that may improve the cost 

effectiveness of the total system. The objective of thenno-economic analysis is to 

establish separately the cost of each component and then understand the cost fonnation 

to optimise the overall interaction as a single component. One of the objectives of this 
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section is to find out the optimum cost effective combination of a cross-flow heat 

exchanger and its supplementary vapour compression system. 

This analysis focuses on the total cost and simultaneously looks for energy balances in 

the total system. The objective function is the total cost which is expressed as the 

function of exit enthalpy of the air after vapour compression cooling (state point 5 in 

Figure 3.4). The objective function will help to determine the optimum size of the 

vapour compression system for the DICER system having a fixed duty or cooling 

capacity. Obviously an alteration in exit enthalpy will change its effectiveness and this 

will yield the required size of the cross-flow heat exchanger. Consequently a search for 

an optimal design based on economic criteria would require resizing the heat exchanger 

again. Therefore in thermo-economic analysis both cost from the economic view point 

and performance from the thermal view point will influence the desired design solution. 

The First Law only applies in this analysis as a part of the thermal design aspect. 

To arrive at the optimum combination the total initial cost is expressed in terms of heat 

exchanger size (in terms of air flow rate) and corresponding vapour compression 

cooling capacity (in kW). Based on my personal observation and design experience 

with vapour compression systems, the size of the plate heat exchanger is usually 

specified in terms of the amount of air flow the heat exchanger can handle. The size of 

the vapour compression system is usually specified in terms of thennal cooling. The 

flow for the heat exchanger and the capacity for a vapour compression system is then 

expressed in cost per flow and cost per kW. Hence the total cost (objective function) is 

expressed in tenns of fundatnental variables given by . 

• 
CT = C flow xV + C kw X q vc (3.52) 

It is necessary to translate total cost into cost per flow and cost per kilowatt to express 

the total cost in tenns of fundamental variables. The fundamental variables that govern 

the thennal process are for example: flow rate, capacity, area, enthalpy etc. The thennal 

process output is translated into the unit cost to capture the cost related to flow and 

capacity in this analysis. This relates to the total cost, as shown in Equation 3.53. 
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(3.53) 

The cost of the heat exchanger based on its flow is presented in Table 3.7. This cost is 

based on 6th ten rules, where knowing the cost for a given size, the cost for the next size 

can be calculated using this rule. The 6th ten rule is useful when the actual cost 

estimation for every model is not known but cost for reference size is known. This 

allows the cost for the next size to be estimated. 

Table 3.7: Cost per Unit Flow of the Plate Heat Exchanger. 

Heat exchanger size in- Cost ($) Cost per unit flow 

terms of flow (m3/s) (6th 10 rule) ($/flow) 

0.90 $ 11,760 $13,067 

1.250 $ 14,322 $11,458 

1.50 $ 15,978 $10,652 

1.80 $ 17,825 $9,903 

2.10 $ 19,552 $9,311 

2.40 $ 21,183 $8,826 

2.60 $ 22,225 $8,548 

3.00 $24,218 $8,073 
--'--" 

There are different types of heat exchangers and they differ greatly in their costs. The 

prices shown in Table 3.7 are for plastic plate heat exchangers. These prices also differ 

depending on the manufacturer and materials used. In the case of this particular 

manufacturer the price of the plate heat exchanger varies from $8,073/m3 Is to 

$13,067/m3/s (FICOM Pty Ltd). The comparison could be based on the square meter 

area of the heat exchanger size (area) depending on its suitability to express the cost 

factor associated with the device. The cost structure shown in Table 3.7 suggests that, 

the bigger the size in terms of flow the cheaper the cost per unit flow. 

Similarly the cost of a vapour compression system is mostly specified in terms of cost 

per kW ($/kW). The costs shown in Table 3.8 were obtained from the manufacturer 

(Temperzone Australia) and translated into $/kW. This provides costs that can be 

compared to the cost figures of other manufacturers. The 6th 10 rule is applied to 

ascertain the difference between the actual cost and the cost estimation using this rule. 
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There is a slight variation but is -within an acceptable range of about 8 to 13 percent 

difference for the majority of the models. The 6th 10 rule is adhered to in order to 

maintain uniformity in the cost estimation as the actual cost of the heat exchanger for all 

the models could not be obtained. Costs are therefore based on 6th 10 rule. Thermo-

economic optimisation is considered using the 6th 10 rule for cost per unit flow (Lis) for 

the heat exchanger and cost per unit capacity (kW) for the vapour compression system. 

Table 3.8: Cost per unit kW of a Vapour Compression System. 

Vapour compression unit Actual Cost Cost ($) (6th Cost per unit kW 

size (kW) ($) 10 rule) ($/kW) (6th 10 rule) 

4.9 $2,150 $ 2,150 $438 

7.8 $ 2,600 $ 2,842 $364 

9.5 $ 2,960 $ 3,199 $337 

12.0 $ 3,350 $ 3,680 $307 

17.5 $ 4,050 $ 4,615 $264 

21.0 $ 4,200 $ 5,148 $245 

23.5 $ 7,000 $ 5,508 $234 

Due to the various design possibilities heat exchangers are used extensively in 

industries such as power plants, air conditioning, food storage, and others. The 

extensive use of these devices has generated a need for accurate balance between cost 

and performance. There are different techniques for establishing the optimum cost 

structure for thermal systems but they all fall under the heading of thermo-economic 

optimisation. In recent years some of the leading advocates of thermo-economic 

optimisations with heat exchangers and air conditioning systems have been Wall 

(1991), Bejan, Tsatsronis et al. (1996), Soylemez (1999), Shiba and Bejan (2000), 

Sanaye and Malekmohammadi (2004). Some of these methods include estimations of 

the cost of the heat exchanger or the cost of a vapour compression system as a function 

of parameters such as: surface area, material quantity, temperature, specific properties 

of refrigerants. These are related in terms of cost to an economic analysis as thermal 

systems have fuel and energy interactions. Previous optimisation techniques used a 

linear function method in terms of heat transfer areas in geothermal applications that 

used plate heat exchangers (Chuanshan and lun 1999). 
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In this analysis presented here, the cost is expressed as a function in tenns of flow 

(m3 Is) for the heat exchanger and capacity (kW) for the vapour compression system. 

The 6th 10 rule is used to extrapolate the cost for next flow and next capacity. The cost 

per unit coefficients are based on their size and capacity as usually specified for the heat 

exchanger and heat pump. So the optimum problem becomes finding minimum CT in 

the Equation 3.53. 

Analysis and Results 

The methodology employed to obtain the optimal solution from equation 3.53 is 

described in this section. The objective function in this case, is the total minimum cost. 

The total minimum cost is then translated to fundamental variables such as flow and the 

heat transfer (Equation 3.52). The cost optimization finds the best combination of 

vapour compression system and its cross-flow heat exchanger for its total minimum 

cost. The total cost equation comprises cost per unit flow for the heat exchanger and the 

cost per unit kW cooling for the vapour compression systelTI. For a given DICER 

system the total cooling capacity is fixed and the method of cost optimization seeks to 

find the size of the vapour compression system so that the total cost of the combination 

(heat exchanger and vapour compression system) is at minimum. 

Sinlilarly for the vapour compression system the price is usually paid for the k\V. As 

the cooling capacity increases so does the size and the cost. The dominant variable for 

the cost in this case is the cooling capacity. Therefore the cost for the vapour 

compression part is expressed in-tenns of cost per unit kW as shown in Table 3.8. 

The psychrometric combinations of the air are taken fonn the Figure 3.4. This 

illustrates the change in enthalpy of the process fluid entering and exiting of the heat 

exchangers used in the DICER system. The flow rate for this analysis is taken to be 

2600L/s and the flow ratio to be 1.25. 

The exit enthalpy of the cooling coil - (h5) is plotted against the total cost as shown in 

Figure 3.12. Knowing the exit enthalpy of the air of the vapour compression cooling 

coil for the minimum cost the suitable size for minimum cost can be detennined. 
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Figure 3.12: Variation of Total Cost "s. Exit Enthalpy at the cooling/DX coil for the DICER. 
(Note: a, b, c are the Points of Minimum Cost) 

Despite the complexities of thermo-economic analysis involving heat exchangers the 

method presented here and the results indicate the dependence of thermal system on 

capital cost of the component as well as the thermodynamics of the processes. 

The analysis here does not delve into the material requirements as this analysis is purely 

intended for the system side of the air conditioning process. This also does not allow 

for installation cost as each design is site specific and therefore should analysed for each 

system design. This system approach provides practical guides for practicing engineers 

as result indicates optimum combination of its sub-systems for total minimum cost. 

3.7 Conclusion 

In this chapter the performance of the DICER system is analysed and compared with 

other existing models. The model developed is largely based on the psychrometric 

properties and psychrometric chart, as an aid to understanding the DICER system air 

conditioning processes. The purpose of this chapter is to demonstrate the high 

performance of the DICER heat exchanger. Its effectiveness is predicted using 

psychrometric chart and psychrometric properties of air such as sensible heat ratio. A 

relative comparison of the COP is also analysed to further establish the high 

performance of the DICER system compared to traditional vapour compression 

systems. 
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The performance of the DICER system heat exchanger exhibits high effectiveness up to 

85 percent. The variations in effectiveness are plotted against the flow ratio and 

sensible heat ratio. The plotting of effectiveness against sensible heat ratio suggests that 

the wet plate heat exchanger is more effective than the dry plate heat exchanger. High 

effectiveness is due to latent heat (condensation and evaporation) involved in the case of 

wet plates. The effectiveness of the heat exchanger is also affected by the flow ratio. 

The plot of the flow ratio in the case of DICER system heat exchanger also shows for a 

given flow ratio, the performance is fairly constant over a wider range of operations 

from wet plate to dry surface of the heat exchanger plate. 

The surface of the heat exchanger is wet when SHR is low (0.5 which is typically 

encountered with high latent load and in humid climates). The surface of the heat 

exchanger is dry when the SHR is equal to 1. This SHR equal to 1 implies that no latent 

heat transfer is involved and total heat transfer is equal to the sensible heat transfer. As 

latent heat is not involved condensation on the plate does not occur and effectiveness is 

reduced in comparison to the wet plate as shown in the plotting of effectiveness. The 

COP analysis suggests very high COP is possible for an IEC or an ICER system. 

Similar studies conducted by other researches in this area confirmed very high COP is 

possible for an lEe. The COP for the DICER system is derived from a typical vapour 

compression system COP together with an lEe. A mean value is calculated and plotted 

which shovv's the COP increases as the outdoor conditions become more severe. The 

increase in COP suggests that the evaporative cooling process is effective when the 

outdoor conditions are hot and dry. Finally the thermo economic analysis is presented 

with the emphasis on cost optimisation of the overall system. The system approach cost 

optimization provides the optimum vapour compression capacity requirements for a 

given size DICER system. 

This chapter establishes that high performance is possible with DICER type aIr 

conditioning systems. This is the main objective of this chapter. In coming chapters the 

DICER system is analysed in terms of design evaluation and the technology is assessed 

in comparison to other methods of air conditioning. This assessment and design 

evaluation identifies the strengths and weakness of the DICER system as an integrated 

approach for product development. Case studies are presented to substantiate the 

claims. 

80 



CHAPTER 4. DESIGN PROCESS, ASSESSMENT AND 

ENERGY RECOVERY AS A CASE STUDY 

4.1 Introduction 

The University of Technology Sydney (UTS) obtained a government grant to examine 

the management of peak demand as a means of reducing the air conditioning load 

during peak load operation. This project was a government initiative to improve 

management of the network infrastructure during a peak demand situation. To reduce 

peak demand due to air conditioning load, ventilation air pre-treatment was proposed. 

Therefore this chapter is largely built upon a design case study carried out at UTS for 

energy recovery for demand side management. This chapter also addresses various 

factors and constraints that need to be considered throughout the design process when 

undertaking a design of a HV AC system for a retrofit application. 

Many conventional HV AC systems are designed with no energy recovery. Most of 

their heating and cooling needs are achieved by the use of chillers and boilers in the 

central plant. A good design should consider energy recovery early in the design stages 

as energy recovery devices require additional plant room space. Some of these energy 

recovery devices can be retrofitted in the existing facility but any retrofit is costly, time 

consuming, and requires difficu1t handling and installation of complex duct work. 

Retrofitting also increases the possibilities of a short-circuit between the exhaust and 

supply air, and leakage into the building due to duct penetrations. Thus, design should 

include at least the option of future energy recovery if it is not possible to incorporate it 

in the construction. Different strategies should be considered based on building 

requirements and summer and winter design conditions with the objective of minimum 

life cycle costs and shorter payback periods. These require careful consideration and a 

design team should consider different approaches to handling the issues. 

Cooling of outdoor air for ventilation is a significant portion of the total cooling load in 

any HV AC system. Concerns over indoor air quality (IAQ) require higher ventilation 

rates to satisfy comfortable indoor environments. Throughout the history of ASHRAE 

Ventilation Standard - 62, the minimum outdoor air quantity has varied from time to 
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time. For a typical commercial application the outdoor air can vary from 10 percent to 

about 30 percent and for certain industrial facilities such as pharmaceuticals, 

manufacturing facilities which release toxic chemicals, hospitals and nursing homes it 

would be 100 percent (Brown 1996). The entire ventilation load is typically in the 

range of 20 percent to 70 percent of the total cooling load at the design conditions 

(Brown 1996). At other than design conditions the outdoor air load will be influenced 

by outdoor conditions and will decrease with decreasing temperatures. If the outdoor 

temperature approaches the coil supply temperature then "free cooling" may be 

achieved with an economy cycle, where all outdoor air is used to condition the entire 

building without any chiller or boiler in operation. 

This case study presents a real world application as a demonstration project for future 

directions in policy formulation rather than using modelling techniques which rely on 

input information and assumptions that are sometimes inadequate in themselves. The 

campaign to encourage energy conservation can have a significant effect. It can change 

the energy structure or the choice of energy supply system. To meet the growing trend 

in energy consumption it is necessary to either build a new power station or have 

responsible organisations change consumer behaviour, The case study section of this 

chapter argues the case for ventilation air pre-treatm ent using Dual Indirect Cycle 

Energy Recovery (DICER) and suggests general guidelines for designing a retrofit 

operation. The design evaluation method presented here is largely based on a functional 

approach and includes technology assessment. The entire discussion is viewed from the 

engineering design process in heat recovery design with the aim of enabling product 

development through design processes. 

The design phases of a typical HV AC installation for a retrofit application USIng 

ventilation air pre-treatment are analysed. In the air conditioning industry this type of 

design process is referred to as a system design approach. The following discussion of 

the design process is built upon experience gained during the case study period. All the 

typical design phases of the system design process were carried out in terms of 

understanding the building, its air conditioning system and how the retrofitted system 

could be integrated into the existing plant room. These design stages are briefly 

described in section 4.2. 
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4.2 Design Process 

The design process for any engineering system begins with an idea or a need for precise 

specifications and details involving different disciplines. Personnel in the air 

conditioning industry consist of building managers, designers, contractors and 

manufacturers of equipment. All these roles and responsibilities are different facets of 

the air conditioning industry that aim to provide a satisfactory solution to the given task 

for the client. The design stages involve various activities that interact with each other 

and are usually carried out under constraints of time and resources. The complexity 

increases with the size, nature of the project and different variations to be considered in 

the design process. The possibility of error increases as the design complexity 

increases. This has lead to the development of systematic approaches to coordinate the 

entire design process. 

To avoid pitfalls a designer often goes through a series of check lists at different stages 

of the project. Details of the activities of each of these stages are described below 

(Jones 2005). 

1. Conceptual design stage. 

2. Schematic design stage. 

3. Detail design stage. 

4. Documentation and specifications. 

5. Tendering stage. 

6. Construction stage. 

7. Revi~w for defects and remedies. 

At each stage of the project the design undergoes a series of peer reviews and critiques 

for improvement before the design is finally issued for construction or fabrication. 

Conceptual Design Stage 

In the early stages of the project (eg. the conceptual stage) the programme commences 

with an agreement between different disciplines. Any special requirements and 

limitations are raised and checked at this stage. The client should be advised of any 

departures that should be considered in the later stages. The client is presented with 
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outlines of capital and life cycle costs and the designer must be fully aware of the 

budget constraints. At this stage any negative environmental consequences should be 

reviewed with the design team and discussed with the client. The details of the 

conceptual presentation are then presented to the client and a checklist is created 

whether the entire scheme is agreed to or not. 

Schematic Design Stage 

This stage requires the completion of sketches and an infrastructure diagram. From the 

perspective of the design engineer this is the vital stage as it includes all aspects of the 

development of the overall design concept. All relevant concepts should be obtained 

and applied. This document should contain design requirement solutions in the form of 

drawings. 

Detail Design Stage 

In this stage all the schematic designs are put forward to the client who will either 

approve or reject the proposal. Following this the programme must be updated and any 

limitations or requirements must be considered. Any size, weight and spatial 

constraints should be reconsidered. This stage consists of a further refinement of the 

conceptual and schenlatic design stage. All the design calculations should be submitted 

and filed for future reference. As a result of this stage of refinement and further 

improvement coordination with external interested and affected parties is essential, as is 

compliance with the project budget. This detailed design should both identify the scope 

of the work and clearly outline the work. It should also identify work by others. 

Documentation and Specifications 

This is the stage prior to the tendering process where all documentation and 

specifications relevant to the design are issued. This process entails a checklist for all 

relevant items. The documents consist of technical reports, analysis and construction 

details. 

Tendering Stage 

The tendering stage will provide sufficient details to allow the contractor to bid and 

construct the system. Before a tender document is issued a series of check lists is 

essential for eliminating post tender variations so the tendering and construction can run 
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smoothly. This is essential to provide the entire design team with confidence that all 

issues have been covered and finalised to achieve the best possible design solution. 

Construction Stage 

When the designer has completed the process of working through all the design options 

the project can proceed to the construction stage. At this stage of the project the process 

is driven by the contractor. It involves the purchase and installation of all equipment 

and materials as shown on the construction documents. The role of the design engineer 

at this stage is to review the construction, equipment, shop drawings and to conduct 

regular site visits and clarify the design if requested. 

Review for Defects and Remedies 

After the construction has been completed the contractor will provide as-built drawings 

and maintenance manuals. The role of the design engineer at this stage is to conduct a 

final inspection of the designed and constructed system. Perfonnance evaluation is 

carried out to evaluate the perfonnance of the system as per design specifications. Any 

defects identified should be reported and rectified. 

4.3 Conceptual versus Detailed Design Changes 

The design requirements are established with the clients by discussing their needs. 

These needs are then used to generate a conceptual and initial design which is reviewed 

and briefed with each member of the design team. This preliminary design document is 

then submitted as the first physical concept to the owner and the design team for review. 

All the phases/stages in the design process are scrutinised through go/no-go decision 

gates (Otto and Wood 2001). Every go/no-go decision gate requires a step back to 

reconsider and refine the design before moving forward to the next stage. 

As the design progresses to the next stage each and every component is detailed. This 

includes ducts, equipment, size, capacity, flow rate, pipe sizes, cables, control panels, 

drainage etc. The level of detail increases as the project progresses. The same is true for 

the construction phase of the project from initial purchasing to the final installation 

stage. Figure 4.1 illustrates the general relationship between the design phases and the 

cost incurred (Annstrong 2001 ; Ullman 2003) 
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As a general rule in design, the emphasis should be placed on the early design stages 

and conceptualisation phase of the design process as these are the most critical to design 

success. In product development between 60 to 80 percent of the overall product costs 

occur between the concept and preliminary design phases (Ann strong 2001). A similar 

argument is reported by Ullman (2003) who points out that 75 percent of the product 

costs are allocated by the end of the conceptual design phase as illustrated in Figure 4.1. 

This approach demonstrates that if a particular component is to be changed, it is best to 

make such changes at the preliminary stages. This stage provides the designer with an 

opportunity to rethink and verify the concept before moving into a detailed design. 

100% 

. 
Change or Defect : 

~: Correction : ____ 
. , 

O%~ ________ ~ __________ ~ __________ ~ ______ ~~ 
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Design 

Schematic 
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Detail 
Design 
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Figure 4.1: Cost Impact of the Design Stages 

The impact of the cost is greater when the resolution of a problem is delayed to the next 

stage. The factor of ten rule states: "It costs roughly ten times as much to fix a problem 

if it is delayed to the next process step" (Armstrong 2001). This challenge has 

stimulated the design process to focus more attention on the project in its initial stages. 

The purpose of this review is to present the study carried out in relation to overall 

design processes. The design case study is focused specifically on the HV AC retrofit 

design in the UTS plant room as a part of the project. 

Further to this in the comIng sections the DICER system is assessed with energy 

recovery and other air conditioning devices such as package system, split system and 

cassette type of system. The reason behind this assessment is to analyse the product 
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from different prospective and application to find out its competitive advantage by 

personal judgement and its overall suitability as a commercial product development. 

Further a case study is conducted and compared with a rotary heat exchanger for 

demand side management at the UTS air conditioning plant room. The result of this 

study indicate that the DICER method of energy recovery for ventilation aIr pre-

treatment is better performing compared with other available technologies. 

4.4 Technology Assessment (Energy Recovery Option) 

The retrofit project (as a case study) at UTS aims, by demonstrating the proposed 

technique of energy recovery, to encourage widespread adoption of a novel energy 

recovery system. This project is part of a goveminent initiative providing major 

funding; independent monitoring and promotion of the appropriate demonstration 

schemes with the aim of having others duplicate them. The product, once confined to 

academia, provides a sound grounding for commercial development as a future 

generation of efficient air conditioning systems. This demonstration project will 

encourage future product developn1ent activities for this particular system (DICER) and 

provides the research required for the next stage of optimisation. 

The previous integration of a cross-flow heat exchanger with a vapour compression 

system manufactured by FICOM had a cooling coil in the supply stream (McNab 1988). 

Later McNab realised that placing the cooling coil on the exhaust stream results in 

better performance, stable operating conditions as well as the exhaust air being slightly 

less in quantity than the supply stream (exhaust flow = 80 percent of supply air). This is 

due to building pressurisation and duct leakage and results in further energy saving. 

From the viewpoint of heat transfer, cooling of the exhaust stream results in a greater 

potential difference (temperature and moisture) between the fluids exchanging energy. 

This means faster heat transfer is possible from the secondary stream to the primary 

stream. This method of cooling the exhaust stream in the DICER system provides 

energy recovery in cooling cycles and at the same time having a condenser on the 

exhaust stream significantly lowers the condensing temperature and thus elevates the 

COP. The reported COP of the DICER system is 6.5 (McNab 1988). In heating mode 

the DICER system is similar to an air-to-air heat exchanger with a condenser placed on 
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the exhaust stream upstream of the cross-flow heat exchanger. This again helps to create 

a large potential difference in heat transfer across the plate heat exchanger. The 

evaporator frosting placed downstream of the exhaust air path would be eliminated even 

under severe winter conditions of up to -15°C. Below this temperature resistance 

heating is required (McNab 1988). A COP plot for both coolinglheating for the DICER 

system and comparisons with a traditional vapour compression system are reported in 

Adhikari, Dartnall et al. (2005). 

This design project involves product development and a retrofit operation (installation) 

in a typical commercial building operated by a central plant. For the retrofit operation 

this study included responsibility for the entire design and engineering activity. As a 

design activity aiming to support further development a technology assessment was 

carried out using commonly applied design methodologies. This assessment was 

conducted to detennine whether the DICER system of air conditioning is a viable 

alternative to vapour compression air conditioning. Further, to general air conditioning 

applications the DICER system can also be used in energy recovery applications 

(ventilation air pre-treatment). Due to its potential for energy recovery the DICER 

system of air conditioning is versatile and has wider applications in comparison to a 

vapour cOlnpression system alone. 

The JVeighted Objective Method (Cross 2000) was used to carry out the assessment 

within the energy recovery design. For general air conditioning an illustrative approach 

is taken to describe and compare the assessment criteria based on design experience, 

knowledge of the system and the literature study. 

Evaluation for the DICER system was carried out using rating factors assigned to assess 

the technical criteria against the well known conventional vapour compression air 

conditioning. These assessments clearly outline the strengths and weaknesses of the 

DICER system and critical areas where improvements are required for further product 

development. These assessments will also assist design engineers in identifying 

applications where the DICER system can compete with vapour compression systems 

for general air conditioning applications. 
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Formulation of the Functional Structure 

Pahl and Beitz (2005) were the originators of a systematic engineering design model. A 

similar systematic design model was also proposed by Ulrich and Eppinger (2000). 

According to this systematic engineering design model overall function can be divided 

into sub-functions corresponding to sub-tasks. The relationship between overall 

function and sub-function is governed by a control whereby each factor must be 

fulfilled before moving on to another. This process allows the required transformation 

to be realized during the function of the system (Pahl and Beitz 2005). The main 

function serves the overall function directly and the sub-function serves the overall 

function indirectly. The optimum method of breaking down an overall function - that is 

the number of sub-function levels and also the number of sub-functions per level - is · 

determined by the relative novelty of the problem and also by the method used to search 

for a solution (Pahl and Beitz 2005). 

There are other models such as the Functional Analysis System Technique (FAST) 

diagram as proposed by Otto and Wood (2001). This model is used to identify the basic 

functions and secondary functions that are essential to the performance of basic 

functions. The secondary functions are again subdivided into three types: required, 

aesthetic and unwanted. A FAST diagram is created from the basic functions and 

secondary functions and this forms the basic backbone of the product (Otto and Wood. 

2001). The FAST diagram is then used to identify the main function of the system that 

is crucial for achieving product functions. All these functional design approaches have 

similarities in their analysis. A further detailed analysis of the DICER system is 

provided by exploring the Cross method of functional analysis. 

These functional design approaches when applied to a HVAC design help the designer 

to identify the process functions without prior knowledge of equipment performance 

and selection. These are some of the positive features of functional process modelling. 

On negative side the functional model does not describe how to obtain a particular 

model that enables the required functions to perform. A systematic functional model 

helps to identify a solution but this is not necessarily the optimum solution as it lacks 

quantitative information. A functional design approach has the benefit of lnaking the 

designer aware of the qualitative (decision making process) criteria required to 
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rigorously establish a solution. Thus, a physical model is required to supplement the 

functional model in order to document how and on what basis particular equipment is 

selected to perform the desired function. This must be done in combination with 

quantitative reasoning. Therefore this research study is divided into two categories. 

One relates to the technical aspects of the product which have been described in Chapter 

3. The other relates to design issues, technology assessment and evaluation. These are 

dealt with in this and later chapters. 

When several alternative designs are possible the designer is faced with a problem of 

selecting the best design solution. The choices are influenced by various factors such as 

performance, cost, guesswork, personal preference, experience or by arbitrary decision. 

The Weighted Objective Method uses an assessment matrix of the alternatives that the 

design aims to achieve. The assessment is entirely based on the knowledge and the 

experience of the designer where some means of weighing the evaluation criteria of 

alternative designs can be assessed and compared across a \vhole set of objectives 

(Cross 2000). In this model, a number of evaluation criteria are established first and the 

relative importance of individual criteria is assigned as a weight factor. However, there 

are concerns that such numerical assignment of a decision making process may lead to 

dubious arithmetic and may not necessarily indicate the best design (Cross 2000). 

An objective tree has been created and is shown in Figure 4.2. Evaluation criteria have 

then been established based on the design objectives. A numerical value is assigned in 

such a way that the sum of all the factors within one level is equal to one. In the next 

level the weighted values of each particular objective is calculated by multiplying the 

initial weight by the weighted value of the parent objective in the qpper level of the 

hierarchy (Cross 2000: Roser 2003). The weighted values of a particular objective are 

calculated by multiplying the assigned numerical value by the weight assigned in the 

upper level of the hierarchy. An example of the value for a low manufacturing cost is 

calculated as 0.4 x 0.5 = 0.2. The reason for doing this is to find the true value and to 

ensure the arithmetical validity of the weights (Cross 2000). 
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Figure 4.2: Objective Tree with Weighted Values 
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The Cross method converts the statements of objectives into parameters that can be 

estimated with some confidence based on the existing data or based on experience with 

particular features of the system. Some of the features will not be measurable or 

quantifiable in numbers, such as appearance, design simplicity, ease of installation, etc, 

while others such as effectiveness, pressure drop, flow, expected life, and cost are 

directly quantifiable. The Cross method assigns a score estimated on a point scale 

depending on the complexity and subtle differences that are required to differentiate 

each concept or design based on a 5 point, 9 point or 11 point scale. 

The five (5) point evaluation criterion is used as indicated in Table 4.1. These points or 

values describe the relative merits in each product/system or design under investigation. 

The relative weight of evaluation criteria are multiplied for different designs to rank 

particular concepts or products with others. 

Table 4.1 Evaluation Scale 

Value (points) Meaning 

1 Inadequate 

2 Weak 
-

3 Satisfactory 

4 Good 

5 Excellent 

Table 4.2 shows the evaluation matrix for the DlCER system against the rotary energy 

wheel of Competitor A and an lEe system made from aluminium plates instead of 

plastics in the case of Competitor B. 

The evaluation matrix (Table 4.2) is a simple tool for evaluating different comparative 

designs based on relative merits. The overall design process is based on the designer's 

own knowledge and judgment, which is only intended to support the design decision 

making process. The overall score indicates where one design is stronger or weaker 

than another. To fully exploit the Cross method of evaluation matrix a dynamic 

decision method should be employed so that as design changes, further information and 

knowledge is gained. This would al10w for the evaluation criteria to be refined for 

continuous inlprovements. 
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Table 4.2: Evaluation Matrix 

..... 
10. 

DICER System Competitor A Competitor B .c 
Evaluation Criteria e.o Q . ~ ..... y Points Score Points Score Points Score ~ = ~ 

1 Simple design 0.1 2 0.2 3 0.3 3 0 .3 

2 Easy manufacturing 0.1 2 0.2 2 0 .2 3 0.3 

3 Less Energy to run (Effectiveness) 0,084 5 0.42 4 0.336 3 0.252 

4 Low Maintenance 0 .036 5 0.18 3 0.108 2 0.072 

5 Low Life Cycle Cost 0.08 5 0.4 4 0.32 3 0.24 

6 Fewer Raw Materials 0.0525 3 0 .1575 2 0.105 4 0.21 

7 Less Energy Required to manufacture 0 .0225 4 0.09 3 0 .0675 4 0.09 

8 Less Emission 0 .08 5 0.4 4 0 .32 3 0.24 

9 Less Noise 0.02 4 0.08 3 0.06 3 0.06 

10 Easy Disassembly 0.015 2 0.03 2 0 .03 4 0 .06 

11 Easy Recycling 0 .0225 3 0 ,0675 3 0 .0675 3 0.0675 

12 Less Environmental Burden 0.0375 4 0.15 2 0.075 3 0.1125 

13 Few Breakdowns 0.04 5 0.2 3 0.l2 2 0.08 

14 Consistent Performance 0.04 5 0.2 3 0.12 1 0.04 

15 Less Injury 0.036 4 0.144 4 0.l44 4 0.l44 

16 Less Error 0 .084 4 0.336 4 0.336 4 0.336 

17 Appearance 0.0135 1 0.0135 3 0.0405 4 0.054 

18 Compactness 0 .0315 1 0.0315 1 0.0315 5 0.1575 

19 Lightweight 0.063 1 0.063 2 0.l26 5 0.315 

20 Efficient Distribution and Spare Parts 0.042 1 0.042 2 0,084 5 021 

SUM 1.000 3.40 2.99 3.34 

Overall Standing Satisfactory/Good Satisfactory/Weak Good/Satisfactory 

The result of the assessment using Cross method sho\\rn in Table 4.2 for energy 

recovery suggest that for a nICER system to be competitive in the market some of the 

key areas where it needs further considerations are: 

• Appearance 

• Compactness 

• Light weight 

• Efficient distribution and spare parts. 

If these areas are adequately addressed with a point 5 in each of the item listed above, 

then the overall score for the nICER system will be 4.0. This asseSSlnent suggests that 

nICER system is technically superior but has their weakness which needs to be 

adequately addressed for effective marketi.ng and s ccessful product outcome to 
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compete with existing products available in the market. These steps are felt necessary 

which provides a broad guidelines for further product development. The intent of this 

chapter was to explore technical evaluation incorporating general design assessment 

methods into the DICER system design and development procedure. 

A similar method of design evaluation was also proposed by Pugh (1997). Pugh's 

method is based on the Product Design Specification (PDS). This method chooses a 

datum with which all other concepts are to be compared. Instead of using numbers and 

arithmetic operations in Pugh's evaluation method "+", "-", and S is used. The score 

pattern is achieved with respect to the datum and should be regarded as guidance only 

and not summed algebraically (Pugh 1997). At the conclusion of the evaluation process 

the overall strength is obtained by adding all, "+", "-", and S. Ranking is based on the 

net score of each concept by subtracting the "-" from the "+". The entire process is 

iterative by eliminating the weak concepts until the strongest concept emerges from the 

data. The entire exercise of the evaluation matrix is to assist the designer with the 

requirements of product specification, understanding design problems and conflicting 

requirements that must be satisfied at the same time to provide a solution to the design 

problem. This type of design activity always stimulates potentially better concepts as 

one idea leads to the other. 

Both Pugh's and Cross's methods are equally valid when evaluating different concepts 

so long as the designer is aware of the datum line for each concept. The Cross method 

and Pugh method are both based on judgement, but in the Cross method both numerical 

value and certain weight are assigned so that the attributes of the entire product/concept 

are reflected in numbers. This is probably the only drawback of "engineering design" in 

that it assumes that every designer is already equipped with a wealth of experience 

before starting any design activity. 

To provide further depth to the technology assessment, section 4.5 deals with the 

technology assessment of the DICER system as an air conditioning device and 

comparative analysis are presented with commonly available technologies using vapour 

compression system. The assessment here is based on the assumption that there is a 

large quantity of outdoor air requirement or applications that favours 100 percent 

outdoor air. These applications typically include air conditioning facilities such as 
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animal house described by Wilkins and Waters (2004) and similar other applications 

where ventilation load is significant. The assessment is based on potential alternatives 

to the vapour compression systems in different application areas. 

4.5 Technology Assessment (General Air Conditioning) 

This section explores the assessment of the DICER system as an alternative to a vapour 

compression system for use in different applications and configurations such as a 

package roof top unit, a split system and a ceiling mounted cassette type system. Some 

of the fundamental criteria for selecting a particular product are identified and relative 

strengths and weaknesses are analysed. A rating factor is a numerical value assigned to 

assess the individual criteria based on the designer's knowledge of the system. These 

numerical values are then added to give an overall score as well as to point out the areas 

of weakness and strength in each of these technologies (Dartnall 2003) 

Product Cost and State of Art 

The state of art of the D ICER system is still immature compared with other competing 

products (mainly compressor based vapour compression systems). For this study, the 

basic technology of the DICER system is illustrated with a diagram shown in Figure 

4.6. To some extent the DICER systelTI is already commercialised and is a marketable 

product but has not yet become comn10nplace. The full development of the DICER 

system requires infrastructure development to Inanufacture it at a much lo\ver cost than 

at present. But there is a future for this technology for further development. The issues 

concerning manufacturing and volume production are dealt with separately in chapters 6 

and 7. 

Size and Weight Considerations 

This is an important consideration for refrigeration and air conditioning applications as 

the market trend is towards compact and smaller equipment. Larger and bulky systems 

with the same capacity for cooling have a larger foot print which increases both the 

initial cost and the installation cost. It also occupies a larger space. This means a larger 

system reduces the usable space within a structure when space is generally at a 

premium. Structural rigidity and the separate requirements of mountings, plinth, etc add 

to the cost and every job requires a projec n1anager rather than installer to coordinate 
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between a number of activities. Handling and transportation costs also Increase 

depending on size and weight. 

System and Complexity 

This includes the total system and its sub systems which are under investigation. For 

instance in the case of the DrCER system, the total system includes: the cross-flow heat 

exchanger, fans, pumps, piping and water distribution system, vapour compression 

system, various materials and their combinations. Difficulty in manufacturing and the 

level of accuracy required must also be considered. As the DrCER system includes the 

passive component in the form of an indirect evaporative cooling it also requires a 

vapour compression system (active cooling method) for total air conditioning in all 

climates. The need to combine these two sub-systems into one adds complexity and 

increases the cost of the product as a whole. 

Performance and Reliability 

The efficiency of the thermal system (air conditioning) is measured by the coefficient of 

performance (COP). The performance of the DICER ystem heat exchanger is shown to 

be superior based on the technical analysis presented earlier in chapter 3. The COP of 

the overall system is also shown to be the highest possible in its class compared with 

other technologies such as vapour compression systems. Due to its high performance, 

the operating cost is low. This also minimises indirect costs to the environment. Thus 

this method of air conditioning offers the highest performance in its class but its 

limitations are complexity, size and weight. 

Maintenance 

Maintenance is a critical issue when considering the frequency, time, maintenance 

schedule and required skill of the personnel involved. A system with more components 

obviously necessitates more maintenance, time and the likelihood of failure depending 

on the reliability of the components used. The cross-flow heat exchanger being a static 

device does not require extensive maintenance apart from cleaning of the heat 

exchanger as well as inspection and cleaning of the spray nozzles. This is the only skill 

required. However, for total maintenance of the DrCER system technical expertise is 

required to maintain the vapour compression systenl. The total maintenance time 

required would be more than that required for a vapour compression system alone 
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because of the complexity of the system. This is due to the integration of the heat 

exchanger within the system in the form of indirect evaporative cooling. 

System Life 

The useful life of an air conditioning system is the length of time during which all 

essential components remain functional at the expected rated performance with periodic 

maintenance. The indirect sub-system (cross-flow heat exchanger) of the DICER 

system has a long life and has been proven by field installation since its inception by the 

CSIRO in 1968. Other subsystems of the nICER system consist of a vapour 

compression system which has a relatively shorter life. The life of the vapour 

compression system in this case would be the life of the compressor which drives the 

entire system consisting of evaporator and condenser. In the case of the nICER system 

the operation of the vapour compression system is only required to overcome excess 

humidity (greater than 12 g/kg). The compressor cycle is therefore minimised and this 

improves the life of the compressor. Overall, the nICER system has a longer life 

compared with a vapour compression system only. This is despite the total system 

consisting of sub-systems which have unequal life. However, as the operating hours of 

the vapour conlpression system are less, its overall life is considered to be extended. 

Environmental A,spects 

One of the fundamental criteria in selecting an air conditioning system IS the 

environmental rating which is directly related to the performance and size of the 

equipment. Having an indirect evaporative cooling system together with a vapour 

compression system reduces the size of the vapour compression capacity required. Its 

smaller size also means less synthetic refrigerants are required as working fluid in the 

system. The indirect evaporative systenl runs on water as a refrigerant which is 

environmentally benign and can be easily discharged into the atmosphere without 

severe environmental penalty. 

The following definition of a rating system is based on certain applications which 

favours 100 percent outdoor air or other similar applications requiring large portion of 

outdoor air. The reason for such a magnitude of comparison is chosen because the 

nICER system favours high or 100 percent outdoor air. 
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Table 4.3: Definition of Rating for Assessment 

Criteria Rating 1 Rating 2 Rating 3 Rating 4 RatingS 
. 

Product Cost and Theoretical Early Commercial Matured and Fully 

State of Art Only Commercialization Product Commercial Matured 

Size / Weight Very Large Medium Light Very Light 

Considerations Large Weight Weight 

System and Very Complex Medium Simple Very 

Complexity Complex Complexity Simple 

Performance and Very Low Low Intermediate High Very High 

Reliability 

Maintenance Very High High Intermediate Low Very Low 

System Life Very Low Low Intermediate High Very high 

Environmental Very poor Poor Good Very Good Excellent 

Aspects 

Table 4.3 shows the criteria described in this section and rating factors are developed 

based these criteria. This assessment clearly illustrates the drawbacks of each of these 

systems when compared to each other using the assessment criteria. 

The widely available literature as well as lily own design experience with different types 

of vapour compression systems is used for different applications. The comparison vvith 

the D leER system is conducted as paIi of this case study. The selection of several 

vapour cOlnpression systems for various applications is shown in Figure 4.3, 4.4, and 

4.5. These include a package roof top unit, a split system with zone reheat and a split 

system with a cassette type ceiling unit. 

Package Roof Top Unit 

The package rooftop unit is for larger applications, mostly commercial and industrial 

where the condensing unit and air handling units are enclosed in a single housing. The 

duct that runs from the air conditioning unit to the conditioned space is called the supply 

air duct and the duct from the conditioned space to the air conditioning unit is called the 

return air duct. A portion of air spills into the outdoor environment and at the same 

time a portion of outdoor air is taken in to meet the ventilation code. This type of unit 

shown in Figure 4.3 is normally located in the roof on top of a rigid construction with 

vibration isolators. 
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Split System 

Roof 

Rooftop 
Package Unit 

Outdoor air 

Supply air 

Figure 4.3: Package Rooftop System 

Exhaust air 

Return air 

Figure 4.4 shows an air cooled split system with a reheating option for severe winter 

conditions. These are sometimes referred to as horizontal or vertical ducted split 

systems. There are two options for a split system. One is air cooled and the other is a 

water cooled type. In a typical commercial building the water cooled type is preferred 

as condenser water is freely available from the cooling towers in the central plant. In a 

building with no condenser water, an air cooled split system is preferred. The 

advantage of this split system is that it is compact in size where space limitations are the 

maln concern. These units are specifically designed for offices and commercial 

applications and with some exceptions are also suitable for large residential 

applications. 
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Figure 4.4: Durted Split System 
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The perfonnance of split systems is lower than the package system due to losses in the 

refrigerant piping as well as the tenninal unit having a lower profile with reduced coil 

surface area. Typically with all vapour compression systems in severe winter 

conditions the heating system has to rely on an electric system with a COP of 1 due to 

evaporator frosting. 

Cassette Type Wall Mounted Unit 

Another development in the vapour compression system is a ceiling mounted cassette 

type and a wall mounted outdoor unit shown in Figure 4.5. These are small, compact 

and light weight split units. These are best suited to residential and small room or office 

applications. These have the lowest COP in its category. These units are selected based 

on space availability and are very light and compact. The outdoor unit is mounted on 

the exterior wall of the building and the indoor unit is on the inside wall or below the 

ceiling. 
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Figure 4.5: Cassette Type Split System 

DICER System 

Figure 4.6 shows the DICER system of air conditioning with an integrated vapour 

compression systenl. The vapour compression in the nICER system is necessary to deal 

with excess humidity (moisture). In commercial applications, with a centraJ plant that 
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has chillers and boilers the chilled water coils/heating coils can be integrated instead of 

a vapour compression direct expansion CD X) coil. The DrCER can provide more than 

adequate outdoor air and the normal operating mode for the DrCER is all outdoor air. 

The system has a cross-flow heat exchanger for energy recovery so most of the exhaust 

energy is recovered in the heat exchanger. Due to this heat recovery system the DrCER 

system is larger in size compared to a similar capacity vapour compression system 

alone. 

The high COP is mainly due to the evaporative cooling and energy recovery with the 

highly effective cross-flow heat exchanger used in the DrCER system. Before being 

discharged into the atmosphere the exhaust air first goes through the cooling coil 

entering at stable room conditions. This cooling of the exhaust combined with 

evaporative cooling provides further cooling of the incoming supply air in the cross-

flow heat exchanger. 

Exhaust Air 

Condenser 

Secondary Air Stream 

Evaporator 

Compressor 

Figure 4.6: The DICER System (Note 'V,ate;r sp rays are not shown in this Schematic) 
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4.5.1 Results of the Technology Assessment 

Package System 

The package system shows a medium ranking (Table 4.4) characterised by its state of 

the art, size, weight and complexity of the system. The vapour compression system is a 

mature system developed over many years. This clearly puts its technology ahead 

simply on the basis of familiarity and simplicity. However there are concerns over 

perfonnance and environmental aspects. The recent development of variable refrigerant 

flow and an inverter driven system provides an additional surge in perfonnance. 

However, the additional complexity adds capital cost as well as extra maintenance. 

Split System 

The comparison shows (Table 4.4) a lowest rating overall with comparable state of the 

art along with package systems. The major advantage of using a split system is its size 

and weight despite sacrificing some performance. This makes it versatile as it easily fits 

in ceiling voids, and can be wall and sometimes ceiling mounted because it is a low 

profile unit. This is the main advantage of split systems over package systems. These 

systems can also be fitted with variable refrigerant flow which also adds system 

complexity to gain perfonnance. The negative side of this is increased maintenance. 

Split systems tend to be less efficient than package systems due to the long run of the 

refrigerant pipes as well as their low profile reduces the heat transfer area in the coil. 

DICER System 

The overall rating for the nICER system (Table 4.4) is highest because of some of its 

key features such as: highest perfonnance, long life and least environmental impact. 

The lower rating is largely due to its complexity, size and weight. This technology is 

still imlnature and the costs involved to develop it to full maturity will be very high. 

Other limiting factors are the state of the art, and maintenance of the heat exchanger. 

The high maintenance is mainly due to the integration of an IEC with the vapour 

compression system. The equipment associated with an IEC adds further cost as the 

overall system has more components in the form of extra fans, pump, and valves. 

The principal area of development necessary is to familiarise the general aIr 

conditioning industry with the nICER system. This technology assessment provides an 
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extensive evaluation both for energy recovery as well as for general air conditioning in 

certain applications such as system requiring 1000/0 outdoor air. An extensive list of 

factors to be considered by the designer are presented using a weighted objective 

method as previously presented with Cross method. These detailed lists of factors have 

the potential to influence design decisions for energy recovery applications compared 

with other competing products. 

Table 4.4 presents the summary of the assessment when a traditional vapour 

compression system is compared with the DICER system. These are subjective 

assessments reflecting the strengths and weaknesses of a particular product or design for 

future improvements and optimisation. 

A observation on the assessment Table 4.4 suggests that the DICER system needs more 

focused activities such as cost, state of art, size and weight as it is proven 

thermodynamically in the earlier chapter that having an energy recovery system 

improves performance, and being efficient has positive environmental aspects as it 

consumes less energy to operate. On the other hand vapour compression system being a 

mature technology has better product features but obviously consumes more energy to 

operate and thus has poor environmental rating in this comparison. 

Table 4.4: Result of Technology Assessment by System and Applications. 

Criteria Package System Split System DICER 

Product cost and State of Art 5 5 3 

Size and Weight Considerations 4 5 2 

System and Complexity 4 4 2 

Performance and Reliability 3 2 5 

Maintenance 3 2 4 

System Life 3 2 5 

Environmental Aspects 2 2 5 

Overall Evaluation 24 22 26 

. Overall Ranking 2 3 1 

The section 4.6 of this chapter illustrates the potential for energy recovery applications. 

This particular case study is carried out in a commercial building where a portion of 

ventilation air is pre-treated as a measure of peak demand reduction using the DICER 

system. A comparison with energy wheels (rotary heat exchangers) is also presented. 
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4.5.2 Helping to Make Right Choice (The Selection Matrix) 

This evaluation involves an assessment of economic, technical, safety and reliability, 

environmental and appropriate applications which enable the designer to make the right 

selection by analysing the selection matrix presented in Table 4.5. The individual 

criteria or sub-criteria are tabulated in Table 4.5. 

Table 4.5: Selection Matrix 

Key Criteria Sub-criteria OPTIONS 
1.0 
0 Package Split DICER -CJ 
'"= System System System ~ ... -= ~ 

~ 
~ 

~ 
~ 

~ ~ . - ... ... 
.~ = 1.0 = 1.0 = 1.0 

'0 0 '0 o · '0 0 

~ CJ CJ CJ 
~ rr.J ~ rr.J ~ 00 

• Capital Cost 0.1 5 0.5 5 0.5 3 0.3 

• Life Cycle Costs 0.12 3 0.36 3 0.36 4 0.48 

Cost • Operating Cost 0.08 3 0.24 2 0.16 4 0.32 

• Maintenance Cost 0.04 3 0.12 3 0.12 4 0.16 

Sub-total 0.25 14 1.22 13 1.14 15 1.26 

• System Efficiency 0.12 3 0.36 2 0.24 5 0.6 

• Resilience 0.07 3 0.21 3 0.21 4 0.28 
Performance & 0.03 3 0.09 3 0.09 4 0.12 • Ease of Maintenance 

Reliability 
Simplicity 0.03 4 0.12 4 0.12 3 0.09 • 

"-
Sub-total 0.25 13 0.78 12 0.66 16 1.09 

~- • Sustainable Design 0,1 2 0.2 2 0.2 5 0.5 

• Comfort 0.06 2 0.12 2 0.2 5 0.3 

Environmental • IAQ 0.06 2 0.1 2 2 0.12 5 0.3 

• Acoustics 0.03 3 0.09 3 0.09 3 0.09 

Sub-total 0.25 9 0.53 9 0.53 18 1.19 

• Energy Recovery 0.06 N/A 0.0 N/A 0.0 5 0.3 

• 100% Outdoor Air Applications 0.06 1 0.06 1 0.06 5 0.3 

• Air Conditioning (General) 0.07 5 0.35 5 0.35 3 0.15 
Applications 

0.06 4 0.24 5 0.3 2 0.12 • Layout and Space Compatibility 

Sub-total 0.25 10 0.65 11 0.71 15 0.87 

Total Points 1 46 3.18 45 3.04 64 4.41 

Overall Ranking Two (2) Three (3) One (1) 

Key: NI A -- Not applicable, Point Scale: 1 - Inadequate, 2 - Week, 3 - Satisfactory, 4 - Good, 5- Excellent 

This selection matrix is intended to analyse and differentiate the DICER system from 

commonly known conventional air cond.itioning methods and point the suitability of the 
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DICER system. Thus one of the criteria considered in the selection matrix IS 

Applications. The individual criteria or sub-criteria are tabulated in Table 5.5. The 

selection matrix presented in Table 5.5 shows each individual category ranking as well 

as the overall raking of the systems compared here. 

There are certain applications such as energy recovery and 100 percent outdoor air 

applications such as animal house described by Wilkins and Waters (2004) are the ideal 

applications for the DICER system in addition to general air conditioning for large 

residences and commercial applications. The evaluation matrix is primarily based on 

such applications which favour the DICER system. 

Even through the DICER system is better in-terms of performance, comfort, IAQ, 

sustainable design, low operating cost, low life cycle cost but the deterrent factors are 

capital cost, layout ' and space compatibility as well as efficient market distribution 

network and actual knowledge of the system amongst the system designers. Thus this 

evaluation highlights these aspects of the technically superior system as well as need for 

further investigation. In the coming section 4.6 a case study is presented to further 

illustrate the DICER system capability for ventilation air pre-treatment (Energy 

Recovery). Life cycle costs are presented in separate chapter (Chapter 5). 

4.6 Energy Recovery Demonstration Project - A Case Study 

This section illustrates the energy recovery analysis for the DICER system applied to 

ventilation air pre-treatment. The ASHRAE methodology applied to ventilation air pre-

treatment is adhered, to demonstrate the application. A portion (l0 percent) of 

ventilation air to the building is considered for energy recovery. In a large commercial 

building this consists of outdoor air which offers a potential market for heat exchangers 

for pre-treatment of ventilation air. Recovery is proposed using a cross-flow polymer 

plate heat exchanger (PPHE) with integrated chilled water coils from the main plant. 

The principle of operation and the main components of the DICER system with chilled 

water coil are shown in Figure 4.7. 

The proposed energy management system using heat recovery reduces the peak demand 

for air conditioning during extreme temperature as well as humidity in outdoor 
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conditions. Peak conditions exist only for a short period of time in a year. However 

these could potentially create a situation known as "blackouts" due to excessive demand 

on the network or on the power plant itself. To overcome this situation there seems to 

be only two options available: 

• To build a new power station or "increase network capacity to meet the demand. 

• To better utilise the energy available. 

The second option is a more sustainable approach as attitudes are changing to energy 

supply and demand. This promotes green thinking as an environmentally conscious 

approach. The other benefit is to defer the financial cost to society by building the 

power station at a future date. This would assist by diverting financial resources and 

capabilities to activities from than policy planning in the energy sector at the 

government level. A part of this study is a government initiative motivated by the need 

to do more with less in peak demand situations where utilities are stretched by excessive 

energy use over a short period of time. 

There are various complex problems in planning for future energy needs. There are 

complex and sophisticated energy modelling techniques available to forecast energy 

needs and direct policy. Most of the modelling techniques are based on assunlptions 

\vhich may be inadequate in thenlselves. A real world situation such as a demonstration 

project provides much needed tried and tested information as reliable data for a decision 

making process. This demonstration project was conducted as part of a study conducted 

at the University of Technology, Sydney (UTS) as the initial design and evaluation for a 

retrofit operation. The project is confined to the design stages and further work is 

required for verification and testing. This does not form the scope of this case study, 

but a comparative analysis is presented to present a case for the DICER system for 

ventilation air pre-treatment. 

4.6.1 Proposed Summary and Installation Sketch 

The further discussion in this section argues the case for the demonstration project and 

suggests general guidelines for designing such a system for peak demand reduction or 

demand side management. The DICER system with chilled water coils is proposed 
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where chilled water is readily available from the central plant. The discussion is mainly 

based on the physical process using widely a ailable design tools for engineers. The 

proposed method of demand side management is shown in Figure 4.7. 

~ ~ . . . . . . . . . . . . . . . . 
2 .~ ... ·~efUE ..... . . . . . . . . . . 

r-1~r-tF:..-.:-=--=.- - - - - - - -
--------~ 

Water tank 

Ventilation air in 

Ex· aust air out 

Chilled \vater coil 

Figure 4.7: l\lain Components and Operating Principle of the DICER Integrated with Chilled 
Water Coils of the Main Central Plant. 

Ventilation air is drawn in and ducted where the heat exchanger (PPHE) is placed. This 

stream of air is called primary air and this air goes through the process 1 - 2 and is then 

supplied to rooms. The building exhaust air, before spilling out as exhaust air is cooled 

and dehumidified by the chilled water coils and then passed through the exhaust side of 

the heat exchanger (Process: 4 - 5 - 6/7). This stream of exhaust air is called secondary 

aIr. Heat as well as moisture exchange takes place in the heat exchanger and as a result 

the ventilation air is cooled and dehumidified depending upon the dew point 

temperature differences. The heat balance is a result of the net energy transfer between 

these two streams. Finally, the humid and hot air is expelled from the heat exchanger 

once the total energy has been recovered. In this installation 4 modules of heat 

exchanger are set in fibreglass housing and the fibreglass housing acts as a good 

insulator and sound attenuator. 

Other options were also evaluated in the initial stages of the project such as: rotary heat 

exchangers (sensible as well as enthalpy wheel). An evaluation matrix is constructed 

(Table 4.2) that shows the relative merits of the DrCER system compared with other 

systen1s and its weaknesses in terms of size, appearance, assembly, cost and a proper 
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distribution channel for sales and marketing. In selecting a particular type of energy 

recovery system other key elements should also be considered such as cross 

contamination risk. Cross contamination risk is usually associated with rotary heat 

exchangers due to their rotating matrix. The operating principle of a rotary heat 

exchanger is separation of hot and cold streams by a time lag within the same element 

instead of a physical barrier. Therefore, in terms of hygiene requirements there is a 

potential contamination risk. The severity of cross contamination is reduced by having 

a purge sector in the rotor itself. The initial design investigation suggests that, 

compared with other methods of energy recovery, the objective of peak demand 

reduction can be best undertaken by the DICER system if available plant room space is 

not a constraint. This is due to its highly efficient heat exchanger for ventilation air pre-

treatment. After surveying all the plant rooms in UTS buildings a suitably sized plant 

room with adequate space was found for the DICER system installation. Although size 

was a constraint adequate space was available for its installation and maintenance 

access after installation and for the future. 

The working principle of the DICER system using chilled water coils is similar to the 

DICER DX systen1 as described in section 2.4. The only difference is the DX cooling 

coil is replaced by chilled water coils. The rationale for using chilled water coils is to 

use already available chilled water from the main plant instead of integrating a separate 

DX system. This is a typical situation in large commercial buildings where chilled 

water is readily available. The other reason is plant room space is at a premium and 

having a separate DX system would increase the size of the DICER system, thereby 

occupying more space. Having considered all these factors the idea of having a chilled 

water coil is proposed even though the energy savings from using a D X system would 

be higher. This is due to improved COP of the DX system operating in connection with 

evaporative cooling. With the chilled water coils instead of a DX coil option, the COP 

of the central chiller plant must take into account including fans, the chiller pump and 

cooling towers and its associated pumps and fans. 

4.6.2 Specifications 

In this case Sydney weather conditions are used in the analysis. However the energy 

recovery for different Australian cities or other cities around the world could be 
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calculated in a similar manner. The purpose of this analysis is to illustrate the method 

of energy recovery using the DICER system in similar applications. 

Sydney for Critical Design Condition (summer and winter): 

• Outdoor summer: 35.50C DBT and 24.0oC WBT 

• Outdoor winter: 6.0oC DBT 

• Room: 24°C, +1-l oC DBT and 50% RH, +1- 5%. 

Air Quantity: 

• Ventilation air to be treated: 2600 Lis 

• Exhaust air is supposed to be 80% of ventilation air: 2080 Lis 

Equipment: 

• Model selection for Heat Exchanger: DICER4B 1800. 

4.6.3 ASHRAE Methodology 

The process of energy simulation varies a great deal depending on the requirement and 

the c.onlplexity of the work involved. To realize an economical energy recovery system 

design a complex interaction of tnany factors must be analysed. A methodological 

approach to solving this problem is presented as ASHRAE methodology shown in 

Figure 4.8. 

Regardless of the degree of complexity, the type of building and location they all have 

some of these listed common elements in their heat recovery design. 

• Energy saved (recovered) or reduction in space load 

• Energy required to operate the secondary device such as the heat exchanger, 

fans, pumps etc. 

• Energy requirements of the primary device such as cooling coils, chiller or 

. boilers of the central air conditioning system. 

Figure 4.8 shows a general methodology for energy simulation and all these major steps 

shown in Figure 4.8 are followed. However the steps and analysis differ from one 

design to the other. The weather data for this analysis is based on "ASHRAE bin data" 
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for Sydney. The manufacturer's performance data were consulted for the DICER 

system as well as for the other systems under consideration. 

Weather Library 

Building Description Dr),-bulbtemp. 
Wet~burb temp. 

Location Cloud factor 
Design data Wind speed 
Construction data Pressure 
Thermal zones 

~ 
LOADS 

IntemaJ loads ANALYSIS Usage pro,files 
Infiltration 

Hourly zone Peak heating & 
heating and cooHngloads 

System Description 
cooling loads 

System types and sizes SYSTEMS 

Supply and return fans ANALYS1S 
Control and schedules 
Outside air requirements 

Hourly 
equipment loa ds 

Plant Description by system 

Equipment types and sizes 
PLANT Performance characteristics 

Auxiliary equipment ANALYSIS 
Load assignment 
Fuel types 

Fuel demand & 
consumption 

Economic Data 

Economtc factors ECONOMIC 
Project life ANALYSIS First cost 
Maintenance cost 

~. Life-cycle cost 

Figure 4.8: Flow Chart for Energy Simulation l\lethod, Source: (ASHRAE 2001) 

Load Analysis 

Load analysis is the flfst step in evaluating possible different options for energy 

recovery. This type of analysis is not the same as the heating or cooling load estimation 

and sizing of the equipment. Rather it is based on the amount of energy extracted or 

added to the space to supplement the primary equipment. 

Load analysis is primarily based on building description and weather data. To be more 

specific load analysis essentially requires design data, weather information, air flow and 

the operating nature of the building. Construction data, thermal zones, and infiltration 

have less influence on selecting an energy recovery device. 
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System Analysis 

This step involves a selection based on air flow quantities available for energy recovery. 

This analysis typically involves calculating heat transfer and pressure drop 

characteristics. An evaluation of different methods of energy recovery is required to 

find the best solution to meet the objective of peak demand management. Usually a 

heat exchanger with high effectiveness results in a shorter payback period but higher 

initial cost. Operating cost together with maintenance should be considered when 

selecting the best system. 

Plant Analysis 

This step involves the effect of the recovery device in the overall HV AC system. The 

calculations in this step determined the plant size of the primary equipment. This 

consists of an overall analysis of the technical details as well as preparation of drawings. 

The overall design should include local, state and overall compliance with the standard 

codes of practice. 

Economic Analysis 

Energy recovery and its economic justification is the comer stone of the technical 

assessment for the DICER technology in a demonstration project. This step is a go/no-

go gate as far as the cost of a project is concerned. The equipment cost, running costs 

and operating life are considered for life cycle costing and payback periods in this 

economic analysis. This step is necessary ensure the cost effectiveness of the energy 

saving measures. 

There are other methods such as simple liner regression, multiple regression, change 

point methods and dynamic models such as Fourier analysis, Computer simulation: 

DOE - 2, BLAST, TRANSIS and some emerging methods such as Artificial Neural 

Networks. Among these methods, the method generally accepted by the industry is the 

ASHRAE Bin Method initially developed by ASHRAE TC - 4.7. Peterson and Hunn 

(1991) also adopted the same method for calculating energy savings in Dallas, Texas 

when considering a small single storey office building of 929 m2 area. Since the bin 

method is considered to be the accepted method for energy analysis, this method is used 

for the DICER system energy recovery analysis for ventilation air pre-treatment. The 

prime objective of this chapter other than the main research goal is to convince 
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architects, engineers and contractors that significant energy savings can be achieved by 

the DICER system, which involves energy recovery from the buildings' exhaust air. 

Using the outlined ASHRAE methodology (Figure 4.8), the annual energy conserved by 

an energy recovery system (DICER) is presented. This method of energy recovery is 

based on Sydney's weather data. The weather data was obtained from the ASHRAE bin 

data shown in Figure 4.9. Energy recovery of ventilation air can be considered using 

different time intervals (hourly, daily etc) which may have an effect on the accuracy of 

computation. 

This calculation method also illustrates the effect of heat transfer characteristics, 

evaporation rate, water circulation rate, bleed rate, pump capacity and the amount of 

condensation for water conservation in the heat exchanger. In a traditional cooling coil 

or DX coils the condensate is wasted through the drain in accordance with the plumbing 

code of Australia (AS3500 2003). In the DICER method of energy recovery the 

condensate is collected at the sump where it cools the feed water before it is passed to 

the drainage through the bleed control valve at a specified bleed rate based on the salt 

concentration of the sump water. 
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Figure 4.9: Sydney Weather Conditions Throughout the Year (ASHRAE Bin Data) 

Figure 4.9 shows the variations of enthalpy, dry bulb temperature (DBT) and humidity 

ratio (HR) against the number of hours of occurrence of such conditions. Figure 4.9 
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also shows that there are about 31 hours in a year exceeding the comfort summer design 

condition (31.1 °c DBT and 22.7oC WBT). The objective of peak demand reduction is 

to reduce the air conditioning load during these peak hours. Critical design conditions 

are taken instead of summer or winter design conditions to reflect the peak demand 

energy requirements. Peak energy demand is the estimation of the maximum amount of 

energy that is required to condition the space when these conditions prevail. However, 

the energy recovery will not only provide peak demand energy reduction but will reduce 

the overall energy consumption throughout the year by either extracting heat or 

supplying heat to the ventilation air depending on summer and winter operating 

conditions. 

From the heat exchanger performance (usually specified in terms of effectiveness and 

pressure drop characteristics) and the existing building survey (indoor and outdoor 

conditions) state points shown in Table 4.6 were established. Performance data for the 

DICER heat exchanger were obtained from the nlanufacturer's data for Sydney design 

conditions. Using the performance data the air off condition is shown in Table 4.6 

(Adhikari, Dartnall et al. 2005). These points are plotted in the Psychrometric chart 

shown in Figure 4.10. The air off condition of PPHE (state point 5) is calculated using 

the heat balance between primary and secondary air on PPHE. 

Table 4.6: State Points of Air for Peak Demand Reduction 

State points DBT WBT HR Enthalpy RH 

(DC) (oC) (g/kg) (kJ/kg) (%) 

I.Critical Design 35.5 24.0 14.1 71.8 38.7 

2. Supply Air Condition 14.5 13 .1 8.9 36.9 85.8 

3. Room 24 17.5 9.7 49.2 50.2 

5. Coil air off Condition 10.4 9.4 7.2 27.9 88.4 

6. PPHE air off Condition 24.8 24.2 18.9 72.9 95 

DICER Parameters 

Table 4.7 shows some of the parameters for the DICER heat exchanger for this design. 

These parameters were obtained by consulting with the manufacturer of this particular 

type of cross-flow heat exchanger. 
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Table 4.7: Parameters and Properties of the DICER Heat Exchangers 

Parameters Symbol Numerical Value 

Heat Exchanger Plate axb 600 x 600 nun 

Length of Heat Exchanger L 1800 nun 

Overall size ofDICER LxBxH 3000x2000x2200 nun 

Plate thickness I1x 0.17 -0.2 nun 

Heat conductivity of plate k 0.15 W/mK 

Total number of primary channels np 2404 

Total number of secondary channels I1s 2404 

Channel thickness on average c) 3 nun 

Overall Effectiveness E 80% 

Total Pressure drop (Primary + Secondary Channels) I1P t 520 Pa 

Primary Air flow Vp 2600 Lis 

Secondary Air flow Vs 2080 Lis 

From the design specification and heat exchanger performance the amount a f energy 

recovered during the time of peak demand can be estimated. This information is then 

translated into a psychrometric chart, which is a useful tool for air conditioning design. 

The Figure 4.10 plots the psychrometric performance of the nICER system with 

integrated chilled water coils whose state points are shown on Table 4.6. Here the duct 

heat gain (state point 4 is not shown) 

Figure 4.10: Psychrometric Chart for Sydney Critical Design Conditions 
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State point 1, is the outdoor condition; in this case the Sydney critical design condition. 

The critical design condition is chosen for peak demand analysis. The state point 2 is 

estimated from the room heat loads (cooling load calculation). The process line 2-3 

shows the heat gain of the conditioned air supplied to the conditioned space. State point 

3 is the room condition. Another method of calculating point 2 is an analytical method 

using the Laws of Thermodynamics and air properties developed in Chapter 3. Then 

knowing state point 2, the DICER heat exchanger can be sized for the desired supply 

condition. State point 5 is the state of air after the cooling coil which later passes 

through the secondary side of the heat exchangers where it contacts a water stream for 

an evaporative cooling effect. The First Law is again applied between the primary and 

secondary stream for heat balance which results in state point 6, as shown in the 

psychrometric chart Figure 4.10. Thus, this psychrometric chart Figure 4.10 

summarises the performance of the DICER system for this application. 

The vapour compression in the DICER system operates as shown by process line 3 - 5 

where the state of the exhaust air from the conditioned room is cooled and dehumidified 

to state 5. The benefit of doing this is twofold from the heat transfer view point: 

1. Maxhnises the tenlperature potential across the heat exchanger, so that faster 

heat transfer takes place between primary (l - 2) and secondary stream (5 - 6). 

2. Cooling and dehumidification of the exhaust stream increase the concentration 

difference for mass transfer which in this case acts as an enhancement for heat 

transfer. This enhances large latent heat removal due to the dew point 

difference. As a result more water can evaporate as the air is dry and due to the 

large amount of latent heat extraction from the secondary air it aids in cooling 

and dehumidification of the primary air. 

The details calculations for peak demand reduction for ventilation air pre-treatment are 

presented in Appendix 2. The result of the analysis is presented in Table 4.8. 

Table 4.8: Peak Demand Reduction Using the DICER System 

DICER Cooling VC Cooling Peak Demand Condensate Energy Water Flow 

(kW) (kW) Reduction (kW) Recovery (kW) Required (LIs) 

108.73 49.67 59.05 0.47 0.87 
L-. 
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Annual Energy Savings 

Having an energy recovery system not only reduces the peak demand energy use, but 

also reduces the annual energy consumption in both cooling and heating. For annual 

energy savings the entire weather data throughout the year must be considered and 

respective supply conditions calculated. Annual energy savings employing heat 

recovery could be achieved both in summer and winter. This reduction would then 

reduce the size of the chiller, boiler, refrigerants pipe, chilled water pipe, reduce the full 

load amps (electrical maximum demand) and cooling tower size. 

The annual weather data were extracted from Binmaker into an excel spread-sheet and 

air psychrometrics were built into the excel sheet to simulate the DICER system to 

ascertain annual energy savings. For accurate analysis wet effectiveness is taken to be 

0.8 and dry effectiveness is taken to be 0.70 as developed in Chapter 3. The pressure 

drop in the heat exchanger is also taken into account in the annual energy analysis as the 

pressure drop accounts for the energy consumption needed to operate the energy 

recovery system. An assumption is made that the heat exchanger operates in dry mode 

(heating) when the outdoor conditions fall below 18.5°C and the humidity ratio is less 

than 10 g/kg. 

The recent ASHRAE comfort standard 55 - 2004, suggests an active cooling device 

needs to be in place to deal with excess humidity (greater than 12g/kg). The decision on 

the humidity ratio depends on the internal latent load to be removed. The standard 

practically ignores the lower humidity ratio as long as the temperature is maintained 

within the comfort zone. This comfort standard also points out that the effect of the 

humidity ratio or relative humidity in an indoor environment within the comfort zone is 

relatively small (Olesen Bjarne and Brager Gail 2004). Therefore, humidity control is 

ignored in most of the buildings except in critical process applications and precision air 

conditioning. The decision to use a temperature of 18.50C is based on the university 

building services operating instructions and the decision on the humidity ratio of 10g/kg 

is based on comfort as well as considering the ASHRAE standard 55 -2004. 

In this analysis the effect of the economy cycle is not considered as this is design 

specific as well as building specific. However number of economy cycle hours are 

presented for different cities across Austral ia based on annual weather data. For a 
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general case study to evaluate the maximum benefit using energy recovery device an 

economy cycle is not considered and the building is expected to operate 24/7. It is 

recommended that during the period of economy cycle the heat exchanger should be 

bypassed using bypass duct and dampers to avoid unnecessary pressure drop which 

increases the energy consumption without the benefit of energy recovery. 

Using an effectiveness of 80 percent for cooling and 70 percent for heating, the supply 

air enthalpy is plotted as shown in Figure 4.11. The flow ratio is taken to be 1.25 which 

applies to most of the air conditioning processes due to building pressurisation 

requirements and some portion of the air is exhausted as toilet exhaust, spill air and 

leaks through duct work. The shaded area of the graph (Figure 4.11) illustrates the 

energy recovered for the entire year. 
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Figure 4.11: Variation of Enthalpy of Ambient Air Showing Energy Recovered and Auxiliary 
Heating and Cooling Required Using Indirect Cycle Energy Recovery 

The total energy recovered can be calculated by integrating the area under the curve. In 

this analysis, the entire area is integrated to obtain the energy savings in both cooling 

and heating seasons. Details of the energy calculations are presented in excel spread-

sheet in Appendix 3 for the DICER system. A similar comparison of energy savings 

analysis for the rotary heat exchanger is presented in Appendix 4. The entire weather 

spectrum is extracted from the bin temperature data and the amount of energy recovered 
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is computed for an entire year for the D ICER as well as a rotary enthalpy wheel for 

companson purposes. 

All buildings are not operated 24/7, some buildings area operated between 10 to 12 

hours a day and few hours (2 to 3 hours) on weekends. An example is presented for a 

building operating 11 hours a day during weekdays and 3 hours on Saturday. Under 

such scenario the energy savings using the DICER energy recovery approach 

considering economy cycle for different cities across Australia is presented in Table 4.9. 

Table 4.9: Summary Table Showing Annual Energy Recovery for a Typical Commercial Building 

Operating 11 hours Weekday and 3 hours Weekend with Economy Cycle Across Different Cities. 

City Economy Plant Operating Annual Cooling Annual Heating 

Cycle Hours Hours Recovered (kWh) Recovered (kWh) 

Sydney 1,524 3,016 2,113 - Thermal 1,619 - Thermal 

Melbourne 906 3,016 1,349 - Thermal 8,029 - Thermal 

Perth 1,359 3,016 3,568 - Thermal 1,422 - Thermal 

Brisbane 1,266 3,016 3,954 - Thermal 511 - Thermal 

Canberra 945 3,016 1,090 - Thermal 13,832 - Thermal 

Equations (4.1) and (4.2) are employed and summed to compute annual energy recovery 

operating 24/7. A summary of the energy conserved using the nICER system with 

chilled water coils and the enthalpy wheel is presented in Table 4.10. 

Total Cooling I Heating Hours 

Energy Recovered (qt) = Vxpx L(hl -h2 ) x Hours (4.1) 
Hours=l 

Table 4.10: Summary Table Showing Energy Recovery and Cost Savings 

Energy recoveredIY ear kWhr. kWhr Running Cost Cost Saved 

Thermal Electrical ($IkWHr.) ($) 

Cooling (DICER) 242,481 80,827 0.13 - Electricity $6,567 

Heating (DICER) 71,233 94,973 0.03 - Natural gas $1,781 

Cooling (Enthalpy Wheel) 38,514 12,838 0.13 - Electricity $1,043 

Heating (Enthalpy Wheel) 67,887 90,516 0.03 - Natural gas $1,697 
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4.7 Economic Evaluation of Heat Recovery System 

There are a number of closely related and commonly used methods for evaluating 

economic performance. These include a present worth method, a cost benefit ratio, and 

a payback method. The economic rationalisation of an energy conservation project is 

influenced by the initial investment, cost of maintenance, operating cost, cost saved, etc. 

The risk indication method of payback is a simple tool but when combined with the 

uniform present worth value, it becomes a method based on discounted cash flow 

(Kreith and West 1997). In this analysis the payback method is backed up by life cycle 

costing presented separately in chapter 5, as the payback method does not take the life 

of the project into account. 

4.7.1 Present Value Interest Factor 

When evaluating projects the cost savings are benefits and the present value of funds 

spend or received at some definite period in the future. The present value of a future 

amount is the amount that if deposited at a given rate of return and compounded would 

yield the actual amount received at a future date. For a given future amount F the 

present value (P) is given by Bejan, Tsatsaronis et al. (1996) 

P= F 
(1 +iY 

(4.2) 

4.7.2 Comparison Table 

The payback period provides a basis for economic evaluation when there are several 

competing alternatives. Payback is strongly influenced by first-costs and long-term 

operating costs and the benefits of cost saving. Table 4.11 shows the discounted 

payback for the DICER system, which shows payback lies between 3 to 4 years with the 

initial investment of $24 000 for the DrCER at 7 percent interest rate. 

The actual payback is calculated as follows: 

3 + (24000 - 21908) 
6369 

= 3.3 Years 
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Table 4.11: Payback for DICER at 7 Percent Interest Rate with Yearly Benefit of$ 8 348 

Years PVIF PV Cumulative Sum 

1 0.935 $7,802 $7,802 

2 0.873 $7,291 $15,093 

3 0.816 $6,814 $21,908 

4 0.763 $6,369 $28,276 

For an enthalpy wheel the initial investment is only $9,000. The operating cost saved or 

the yearly benefit is $2,740. The payback at an interest rate of 7 percent is shown in 

Table 4.12 which shows the payback is 3.9 Years. The nICER is more efficient and 

thus results in higher savings. The decision to purchase the nICER system is mainly 

influenced by the initial investment which is approximately 3 times higher than the 

enthalpy wheel. 

Table 4.12: Payback for Enthalpy Wheel at 7 Percent Interest Rate with Yearly Benefit of $ 2 740 

Years PVIF PV Cumulative Sum 

1 0.935 $2,561 $2,561 
-

2 0.873 $2,393 $4,954 

3 0.816 $2,237 $7,191 

4 0.763 $2,090 $9,281 

4.7.3 Sensitivity Analysis 

A sensitivity analysis is presented to reflect on payback due to variable interest rates 

which are more likely in a realistic scenario. In this situation the interest rate is 

assumed to be 7 percent, 10 percent and 12 percent. Sensitivity for the nICER system 

is shown in Figure 4.12 and sensitivity for the Enthalpy Wheel is shown in Figure 4.13. 

Sensitivity reflects the variable interest rate and its cumulative present value, which 

alters the payback period. 
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Figure 4.12: Sensitivity Analysis for the DICER System 
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Figure 4.13: Sensitivity Analysis for an Enthalpy Wheel 

4.8 Guidelines for Energy Recovery Design 

These guidelines are provided to clarify the relevance of each guideline in the energy 

recovery design process in a commercial building. They illustrate the significance of 

various factors to be considered in heating, ventilation and air conditioning design. 

These gujdelines are developed based on the design experience in this case study. The 

central idea is not to discard energy to ambient as this trend causes energy loss which 

potentially could be recovered. 
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1. Guideline: Size and space limitations 

The choice of the energy recovery system depends on the specific requirements 

of the installation, which are often limited by the size of the equipment, space 

availability and constructional/design obligations. Irrespective of all other 

considerations the choice of the equipment must be rational in respect to the 

availability of space and the layout of the rooms. This is the first step in the 

design activity where the designer carries out site visits and establishes 

important spatial requirements so that the installation does not obstruct existing 

equipment. A note should also be made regarding the type of air conditioning 

system, operation (eg. economy cycle, constant volume, variable volume) and 

method of air distribution. In this case study the plant room was a single piece 

of air handling equipment with outdoor air drawn through a louver and mixed 

with recirculating building air. Other systems include rooms with independent 

air conditioning with reverse cycle operations of heating and cooling. 

2. Guideline: Selection criteria according to the range of equipment 

capacity and size 

This information is available in the market through publications and company 

specific catalogues. Different manufacturers have different designs and 

configurations for a particular range of capacities which are related to size. Here 

size relates to the size of the heat exchanger core. Table 4.13 illustrates the 

range of equipment and capacity and its corresponding size which could impact 

on the design decision. This comparison could be extended to various other 

similar products for a comparative study before design decisions are made 

(Munters Incentive Group, 2003; McNab, 2004). 

Table 4.13: Range of Equipment Capacity and Heat Exchanger Size. 

Energy Recovery System Air Flow Range in (LIs) Size (L x H x W) in (mm) 

DICER System 500 (Lis) to 900 x 600 x 600 to 

3,300 (Lis) 3,680 x 1,200 x 1,200 

Rotary Heat Exchangers 200 (Lis) to 960 x 960 x 400 to 

40,000 (Lis) 5,400 x 5,400 x 470 

122 



This comparative study provides an estimate of how much ventilation air is 

available for pre-treatment within the given capacity and size of the available 

equipment. A detailed comparison with other types of heat exchanger IS 

presented in the System and Equipment Handbook (ASHRAE 2000). 

3. Guideline: Method of Energy Recovery and Energy Evaluations 

The characteristics of the energy recovery system must satisfy the needs of the 

installation in terms of its performance. There are various situations depending 

on the climatic data and energy calculations that justify the selection of a 

particular energy recovery system. There are two main categories of energy 

recovery system: 

• Sensible only energy recovery devices including rotary, cross-flow plate 

heat exchangers, heat pipes, run around coils. 

• Total energy exchangers (heat as well as moisture) including rotary-

enthalpy wheel, cross-flow plate heat exchanger (eg. DICER). 

If the outdoor SUlnmer design conditions do not exceed a humidity ratio of 12 

g/kg then a sensible only energy recovery device is the most convenient solution. 

To illustrate this one can take Melbourne sumnler design conditions where the 

outdoor humidity ratio at the design condition does not exceed 12 g/kg. Thus 

energy recovery is largely sensible only. This justifies the selection of sensible 

heat exchangers rather than total energy exchangers. 

If on the other hand there is a need for moisture transfer at the same time as heat 

transfer in places with high outdoor latent load then total energy exchangers 

offer a better overall energy transfer. Thus the method of energy recovery 

depends essentially on the function of the device and economic considerations. 

4. Guideline: Initial Cost 

Figure 4.14 shows the typical selling price of various energy recovery systems 

available on the market. 
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Comparative Diagram of Current Market Price at Rated Capacity 
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Figure 4.14: Comparative Cost for the DICER and the Rotary Heat Exchangers 

It should be noted that the selling price of the equipment varies considerably 

according to the quality, features, manufacturing methods, distribution channels, 

discounts and quantities. Also the cost to the user differs significantly according 

to installation requirements, site specific details and labour hours required. The 

above data therefore should be interpreted as a comparison and guideline more 

than an absolute evaluation, The intention of the con1parison is to make the 

designer aware of the initial cost and the capacity of the system as a guideline 

only. These cost figures were obtained during the course of the case study frorn 

various quotations and my involvement in various options during the design 

process in the initial stages of the project. 

5. Guideline: Operating Cost and system effectiveness 

The operating cost of any energy recovery method depends on its effectiveness 

and other variable factors such as the cost of energy, climatic conditions, number 

of operating hours, the settings of the air conditioning system, and the amount of 

maintenance and repair required over the functional life time of the machine. 

However in general for energy recovery systems given the same operating 

scenario running costs are primarily dependent on effectiveness and pressure 

drop characteristics. The effectiveness of different energy recovery methods 

derived from published data is presented in the System and Equipment 

Handbook (ASHRAE 2000). A life cycle costing in this case should be 

124 



evaluated to analyse the strengths and weaknesses of the particular method of 

energy recovery. This is treated separately in Chapter 5. 

6. Guideline: Measurement and Verification 

A demonstration project or field installation is always constrained by budget, 

space and capacity so perfect research (usually a laboratory type scenario) is 

difficult to attain. Compromises are therefore necessary. This step should be 

accompanied by design drawings that show the initial installation concept and as 

the project progresses detailed design steps should be documented and agreed 

upon by the design team. 

Taking the above statement into consideration, a demonstration project should 

be well designed so that the results of the demonstration can be scientifically 

defended given all the constraints. This step forces the designer to look for 

relevant codes and standards that not only conform to the overall design from an 

installation perspective, but also comply with required measurements such as 

flow, temperature, pressure and other properties necessary to fully analyse the 

system. Sometimes the entire design should be investigated in laboratory 

conditions to rigorously establish the claiIned benefits. 

The guidelines followed in this case study not only concentrated on the methodology of 

energy recovery design, but also reported the knowledge gained throughout the exercise 

so that future activities could be conducted in a well coordinated manner. Stepwise 

guidelines may facilitate the entire design process if design steps are initially attended 

to. These guidelines originated from personal experience, group discussions with 

building services engineers at UTS, industrial as well as academic supervisors, and 

reference to the relevant codes and standards for this type of installation. This provides 

a basic guide as to what to evaluate when considering such projects. Further to the 

above guidelines, the following additional points should be considered when 

considering such a pilot project for ventilation air pre-treatment in a commercial 

building. 

1. Clear objectives for the project at the beginning and options to evaluate different 

methods or approaches, identification and qualification of waste heat and 
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financial criteria which will be used to judge the project. Lists of equipment and 

initial cost estimates, and reporting to the interested parties for comments and 

feedback. 

2. Following a successful design stage and tendering the next stage is construction. 

After the construction it is essential that adequate public access should be 

allowed to promote wide acceptance of the design and enable similar future 

projects or design improvements through criticism. 

3. Database management and interpretation of the outcome. 

4. Reporting as requested by interested parties. 

4.9 Conclusion 

This chapter sUIlllllarises the design process for a retrofit operation of a HVAC system, 

a functional analysis design approach, technology assessment and finally an evaluation 

as a rating factor to point out the strengths and weaknesses in the product using the case 

of the DICER system to further its development. 

A case study of the DICER system with chilled water coils to pre-cool a portion of 

ventilation air in a typical commercial building is analysed in a field application 

situation that replicates a real world scenario. The aim of this study is to convince the 

air conditioning system design engineers of the potential benefit of this technology, 

despite the difficulties associated with a retrofit operation. The energy saving potential 

is presented based on the bin methodology described in the ASHRAE, Fundamentals 

Handbook (ASHRAE 2001). The peak and operating energy savings are analysed 

based on the bin data. Based on the bin data for Sydney's weather, the peak demand 

energy savings are approximately 54 percent. A comparison is also presented with 

other energy recovery approaches such as energy wheels. Finally an economic 

evaluation is presented as the key element of the cost to enable further decisions on 

device selection based on economics. 

Finally, the knowledge gained during the course of this case study is summarised as a 

list of guidelines. These guidelines are developed to assist the design of future energy 

recovery systems in similar situations for demand management or ventilation air pre-

treatment. 
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CHAPTER 5. LIFE CYCLE ENGINEERING 

5.1 Introduction 

Life cycle engineering is a decision making tool that considers performance, cost and 

environmental consequences for the duration of a product's life. This is a tool that 

evaluates a product relative to others. The focus of a life cycle methodology is on the 

design and production of products that have minimal environmental impact. Life cycle 

engineering supports a more balanced view of an investment by considering product 

design, development, maintenance, replacement and finally disposal after use 

(Wanyama, Ertas et al. 2003). The whole life cycle engineering (LeE) approach 

includes method of assessment, inventory analysis and environmental damage. The 

focus in this chapter is confined to life cycle cost (Lee) and its minimisation. The Lee 

is examined throughout the period of service life as well as on an annual basis. The 

description in this chapter does not cover problems in life cycle management, 

difficulties in managing the product, recycling or logistics. 

During the design process of the HV AC system the designer must analyse various 

factors in order to detemline the best design option. This requires a complete 

understanding of the target product in addition to product functionality, quality, 

legislative issues and so on (Rata, Kato et al. 2006). Such a wide spectrum of study is 

necessary to address the global issue of sustainability. In recent years, there has been 

growing consciousness of the limits to available resources and the amount of waste 

nature can accommodate. An awareness that gives preference to the environmentally 

favourable aspects of a system is embodied in the concept of design for environment 

(DFE) (Wanyama, Ertas et al. 2003). DFE requires anticipating harmful environmental 

impacts that may arise during the life cycle of a product and replacing them. The need 

for society to reduce its material and energy consumption by improving energy 

efficiency and longevity of products is thoroughly detailed in E. Westkemper, and E. 

Alting et al. (2000) and Schmidt-Bleek (2000). 

The system presented in this thesis is a novel concept of air conditioning as well as 

ventilation air pre-treatment. Energy savings using this system are demonstrated in 

Chapter 4. Despite its technical superiority in a commercial environment, it remains 
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costly and consumers are highly influenced by cost, particularly · initial cost. 

Consequently, despite its benefits it has not acquired widespread recognition. The 

principal reason for this lack of progress appears to be the initial cost. In general 

consumers are concerned with the benefits of low initial cost and fail to recognize the 

long term benefits of improved energy efficiency and longevity. This chapter therefore 

focuses on the life cycle cost of the DICER system and compares it with other existing 

available technologies. 

The HV AC system has a significant effect on the cost, energy consumption and the 

environment in all sectors of its application. In this study the energy used for 

ventilation air pre-treatment has been of particular interest. Ensuring sufficient 

ventilation air (outdoor air) has one of the greatest impacts on indoor air quality as less 

than sufficient will result in occupant discomfort and more than necessary will result in 

excessive energy consumption. Life cycle assessment (LCA) is similar to life cycle cost 

(LCC) in that in the former the impact of the product itself, its materials, the 

environment and cost are considered over the life of the product. In the latter the 

decision is primarily based on capital and operating costs. It is, in other words, a purely 

cost based approach. In terms of measuring merit LeC uses money as a comparison 

scale whereas LCA uses environmental indicators an10ng a number of indicating scales 

(Nyman and Carey 2004). The starting point for LeA methodology is ISO standards or 

the equivalent Australian Standards listed below which define the methodology for 

carrying out such a study. However, an entire LCA is outside the scope of this chapter, 

as LCe is the main focus rather than the cost based on environmental impact in this 

analysis. 

• (AS 14040 1998) Environmental management - Life cycle assessment -

Principles and framework. 

• (AS 14041 1999) Environmental management - Life cycle assessment - Goal 

and scope definition and life cycle inventory analysis. 

• (AS14043 2001), Environmental management - Life cycle assessment - Life 

cycle interpretation. 
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• (ISO/TR14049) Environmental management - Life cycle assessment -

Examples of application of ISO 14041 to goal and scope definition and 

inventory analysis 

• (ISO 14050 2002) Environmental management - Vocabulary. 

Designers are responsible for reducing the overall cost of a product over its entire life. 

The costing model studies reported by Dowlatshahi (1992) suggest that the design of the 

product influences between 70 percent to 85 percent of the total cost of the product. It 

involves the cost of a large consumption of energy as well as the cost of maintenance 

throughout the entire life of the product. Reduction in this cost has been the prime 

motivation for the development of methodologies such as Design for Manufacture 

(DFM), Design for Assembly (DF A), Design for Performance (DFP), Design for 

Environment (DFE) and in the general Design of "X" (DFX) where "X" is the objective 

to be optimised (Ertas and Jones 1993 ; Ulrich and Eppinger 2000). 

Typically, design for perfonnance and economic justification have a cotnlnon goal but 

in general these two objectives oppose each other. Thus the goal of designing for the 

best performance possible is contradictory to the goal of complete cost minimisation. 

One of the early advocates of integrating cost into the product design was Pugh, 

Clausing et aL (1996) and others, having recognised the relationship between cost and 

design decisions, have opted to follow the same path. Thus it is an important task in 

product design to be able to assess the relationship between cost and design. 

Engineering design should transform prerequisites into a product by incorporating all 

physical and functional requirements. These functional requirements are influenced by 

design decisions. In doing so designers' must take into account the life of product as 

measured by performance, effectiveness, producibility, reliability, maintainability, 

supportability, quality recyclability and cost (Asiedu and Gu 1998). 

5.2 Life Cycle Cost, Design Approach 

In this approach the most important step is the cost breakdown. A typical total product 

cost breakdown for a life cycle analysis is presented by Ertas and Jones (1993). 

Accurate cost estimates maximise profit \vhile underestimates lead to underpricing. 

Overestimates lead to excess spending and loss of a share in the market. Various cost 
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estimating models are available, but cost estimating is not an exact science. Rather, it is 

an approximation based on the information available. The various models for 

estimating cost are (Ertas and Jones 1993): 

• The Engineering Estimate 

• Estimate by Analogy 

• Statistical Methods 

A design approach combined with life cycle costing enables an evaluation of different 

systems, product performance, maintenance requirements, component selection, 

supplier selection, inventory management, distribution channels, storage life, service 

life, disposal and recycling. A life cycle cost approach considers all these parameters 

that influence the cost of the product. 

5.3 Goal and Scope Definition 

For this study, the heat recovery unit was designed as outlined in Chapter 4. The heat 

recovery function reduces the severity of outdoor conditions on the existing air 

conditioning plant thus saving peak energy consuluption. The main goal of the heat 

recovery design is to satisfy peak as well as operating cost, within the given constraints 

of the availability of plant room space, the shape and size of the machine, and noise 

levels. This retrofit involves integration with existing building controls. It is required to 

produce results with accurate instrumentation in a field installation situation that can 

scientifically verify the goals that have been achieved etc. Designers of the HV AC 

system are faced with a considerable number of limitations. These include requirements 

and choices for each particular layout for aesthetic purposes that may influence the 

initial cost, size, shape and ease of installation. These issues generally mean that an 

LCC approach is not considered in the design. Sometimes the LCC approach is not 

practical if the project is of small scale and the designer is familiar with a rule of thumb. 

In any similar design with various tradeoffs and a decision making process, the LCC is 

a useful tool. Using this tool the heat recovery design is investigated for minimum life 

cycle cost. 
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This chapter on life cycle engineering investigates the development of a simple life 

cycle cost-based design methodology for an energy recovery system. A case study is 

presented at the end to validate the life cycle design approach and compare it with other 

similar energy recovery approaches. This chapter describes the life cycle costing (LCC) 

methodology for an air conditioning system (DICER system) used specifically for 

ventilation air pre-treatment. 

Functional Unit 

As per Australian Standard (AS 14040 1998) the functional unit should be clearly 

specified indicating the measure of its performance. In this analysis the functional unit 

is defined as the ventilation air (outdoor air) flow of 2600 Lis (=2.6m3/s) through a fan 

coil unit. The function of the DICER system is to pre-treat outdoor air that is integrated 

into the existing fan coil unit. The existing fan coil unit is separate from this analysis 

for the purposes of the LCC. 

5.4 Life Cycle Cost Analysis 

Over the past several years, various life cycle cost estimation models have been 

developed. Some are general while others are specifically concerned with the central 

objective of cost optimisation. The use of life cycle cost as a design tool is due to 

increasing competition, the cost of ownership, inflation, escalation of the price of 

energy (running costs) and awareness of cost effectiveness among users. In developing 

the life cycle cost model for the DICER system a general model is considered and later 

tailored to be device specific. A general model is always expressed as based on a 

variable and fixed cost (Dhillon 1996). The nature of the variable cost in this lTIodel is 

the operating cost, and the fixed cost is the initial purchase price paid by the user. The 

cost is influenced by various factors such as performance, air flow rate, pressure drops, 

efficiency of drives, initial cost, interest rates etc. Using these factors in the general 

model a specific cost model is derived for heat recovery applications in commercial 

buildings. Mathematically the LCC (Lee) can be represented by Equation 5.1. 

(5.1) 
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To minimise the life cycle cost (Lee) in Equation 5.1, the operating cost (Co) and initial 

cost (Ci) should be as low as possible. These costs are subject to size, flow rate heat 

transfer and pressure drop limitations. These are some of the constraints; however this 

is not an exhaustive list. The DICER system with heat recovery is an energy consuming 

device as it requires electrical energy input. Energy consumption is associated with 

operating costs as well as maintenance costs. Therefore the total associated cost is a 

combination of running costs, maintenance costs and costs recovered due to thermal 

energy recovery. The overall composition of the operating cost (Co) is presented by 

Equation 5.2. 

In this costing model maintenance cost is considered separately and is based on 

practical experience and field trials over 25 years. Only one or two installations have 

required heat exchanger replacement in this time. This demonstrates the longevity of 

this product. Operating and maintenance costs are treated separately because of the 

importance of operating costs in a thermal system, which is of primary focus compared 

to maintenance. As a general rule, maintenance in these systems consists of replacing 

old filters and regular cleaning of the heat exchanger. The cost of changing filters is 

$50/filter and frequency is nomlally twice a year depending on the surrounding 

environment and the extent of the dust particles collected in the filter. The cleaning of 

the heat exchanger is allocated as 8 hours/year at an hourly rate of $25/bour. 

C = o 
Vran !1Pfan + V Pump X MPlW1P + q max - q ( 

17/ 17p COP 
(5.2) 

. 
The energy recovered (q () is given by Equation 5.3. q max is the total cooling required. 

(5.3) 

Present Value Interest Factor Annuity (PVIFA) 

An annuity is a series of financial transactions of equal amounts occurring at equal time 

intervals. Usually the time period corresponds to one year. The present value of an 

interest factor annuity with a uniform series is given by Equation 5.4 (Kreith and West 
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1997). The annuity in this analysis is used to calculate the cost of the final product and 

the operating cost. The annuity represents the time interval from the beginning to the 

end and this method of cost analysis is, therefore, used to analyse the life cycle costing 

of the product. The PVIF A involves money transactions that would be invested at the 

beginning of the annuity term at an effective compound rate of return (r) to yield a total 

amount at the end of the annuity term. The inverse of PVIF A is referred to as the 

capital recovery factor (CFR) (Bejan, Tsatsaronis et al. 1996). 

PVIFA N=n = 
1- 1 

(1 + r t (5.4) 
r 

The total combination of all these life cycle costs can be represented by equation 5.5. 

[l[ · · . .j ) 1 n=N V I1P V x I1P L = '"' fan fan + Pump pump + q max - q t X E + C X P VIF A + C. 
cc ~ COP c M N=n I 

n=l 17 f 17 p 

(5.5) 

The minimum cost can be evaluated using the model presented in Equation 5.5. In this 

model the first tenn on the right hand side represents the operating cost together with 

the maintenance cost and the second term represents the initial cost. 

A similar minimum LeC model for sizing of a heat recovery system was proposed by 

Soylemez (1999). In his model the PI - P2, method is used where the performance of 

the heat exchanger is expressed by using effectiveness - NTU. This PI - P2, method 

does not incorporate maintenance costs. However it does point out the maintenance 

cost as a portion of the operating cost. The optimal size of the heat exchanger is 

primarily based on the level of heat recovery achieved in the heat exchanger. Other life 

cycle models proposed by Ertas and Jones (1993) neglect the time value of money or 

PVIFA. 

The life cycle engineering analysis, carried out for this study is entirely based on a on 

cost approach rather than a life cyc1 e assessment. The costing model as developed and 

used for comparative purposes does not include disposal and recycling. An attempt is 
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made to account for a realistic maintenance cost. This was obtained from the 

manufacturer over several years of operating experience with the nICER type of 

system. However, future study on life cycle engineering should also include disposal 

and recycling which investigates environmental impacts in terms of total cost of the 

product from cradle to grave. 

5.5 Life Cycle Costing (LCC) - Case Study 

Various methods and design tools can be used for energy recovery and air conditioning 

systems for minimum life cycle design. In this section a case study is presented to 

illustrate the method of life cycle costing developed in this chapter. The initial cost is 

crucial for this evaluation and accuracy of the overall cost structure is dependent on 

performance as well as cost. 

Sample Problem 

The problem under consideration is for ventilation air pre-treatment for a typical high 

rise university building. The method of energy recovery and design is described in 

Chapter 4 using the DICER system. Comparisons with other methods of ventilation air 

pre-treatment such as rotary heat exchangers (eg. an enthalpy wheel which has light 

itching of silica gel - a desiccant on aluminium bed) are also presented. This particular 

case study compares the DICER method with the enthalpy wheel for the same 

functional unit which defines the air flow rate of 2600 Lis. 

Table 5.1: General Design Data 

Design Specifications Unit or Capacity 

Air Quantity (Lis) 2600 

Flow ratio (Supply to exhaust) 1.25 

Motor and drive efficiency 0.75 

Fan and pump efficiency 0.75 

Air density (kg/mJ) 1.2 

Energy Cost (Cooling) - Electricity $0. 13/kW hr 

Energy Cost (Heating) - Gas $0.03/kW hr. 

Operating Hours ] 5 Hrs/Day and 365 Days 

Location (Design Conditions) Sydney Critical Conditions (Hughes and Fricker 2000) 
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The construction cost is site specific so each installation project should be evaluated 

separately. The construction is mainly ductwork and there are already established rules 

of thumb for duct work sizing and design. For both the DICER system and the enthalpy 

wheel the performance data were obtained either from the manufacturer or from the 

published technical handbook. The design data are presented in Table 5.1. 

The heat exchanger parameters for the DICER system were obtained from the 

manufacturer for analysis and are presented in Table 5.2 (Ficom Pty Ltd.). 

Table 5.2: DICER Heat Exchanger Parameters 

Parameters of DICER Heat Exchanger Symbol Numerical Value 

Heat Exchanger Plate axb 600 x 600 mm 

Length of Heat Exchanger L 900mm 

Plate thickness /).X 0.17 - 0.2 mm 

Heat conductivity of plate k 0.15 W/mK 

Total number of primary channels np 301 

Total number of secondary channels ns 301 

Channel thickness on average Il 3mm 

Overall Wet Effectiveness (See Chapter 4) eWer 0.85 
--

Overall Dry Effectiveness (See Chapter 4) eDry 0.75 

Total Pressure drop (Primary + Secondary Channels) /).Pfan 440 Pa 

Total Pressure drop (Water sprays and distribution) /).Ppump 60000 Pa 

Primary Air flow Vp 2600 Us 

Secondary Air flow Vs 2080L/s 

Water flow VWater 30 x evaporation rate 

DICER Annual Operating Costs 

The annual operating cost due to pressure drop (fan and pump) in the DICER heat 

exchanger and water distribution system is given by Equation 5.6 and 5.7. The fan must 

be in operation throughout the entire year to overcome pressure drop across the heat 

exchanger. However, the pump operation is for the cooling model only where water 

spray is required for the evaporative cooling effect. A ventilation factor of 0.625 is used 

(assume 15 hours out of plant operation out of24 hours and 365 days per year). 
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-8760Hours V M L fan fan xEC 
I llJ 

(5.6) 

The pump operating cost is based on evaporation rate and water flow and is taken to be 

30 times the evaporation rate. The total water flow required at this evaporation rate is 

0.87 Lis. (Chapter 4). The pressure drop in the water distribution system for this flow is 

given by: 

4050 Hours V X M L Pump pllmp X EC 
I 17p 

(5.7) 

There are approximately 4050 cooling hours out of 8760 hours in a year for Sydney 

weather conditions for a system operating 24/7. The pumping system is only required 

for cooling hours where the heat exchanger operates in cooling mode. The pump has to 

provide sufficient water, which is estimated to be thirty times the evaporation rate. 

Net Annual Thermal Operating Cost 

"" max t X E , 
8760 HOllrs [q- - q-] 
~ COP c 

(5.8) 

This Equation (5.8) represents the net operating cost for the heat exchange process in 

which a portion of thermal energy is recovered from the total heating or cooling 

requirements resulting in a net operating cost. This can be broken down into cooling 

hours and heating hours of the entire year (8760 hours of operation). 

A detailed estimation of operating costs using the DICER recovery system for both 

cooling and heating hours is presented in Appendix 3 in which the DICER is assumed to 

operate with chilled water coils and separately a DX system. Figure 5.1 shows the 

summer cooling operation using the DICER type of heat exchanger. 
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In the DICER system, energy is exchanged between points 1 and 4 as a result of which 

the air supply to rooms leaves at state point 2. The process line 1-2 shows the energy 

recovery in the DICER system's PPHE, for which cooling is provided by a dual system, 

one from the vapO'llr compression operating between state point "Room" and state point 

4 and the other from regenerative evaporative cooling. Thus, the total cooling effect is 

from state point 1 to 4 and the energy is exchanged between these two states with state 

point 2 governed by the effectiveness of the heat exchanger. Thus, the net energy 

expenditure to drive state point 1 to the supply condition of state point 2 is from state 

point 1 to 4. This shows that the DrCER heat exchanger provides all the necessary 

cooling and dehumidification in the plate heat exchanger with additional cooling from 

the vapour compression system operating between the room and state point 4. This 

makes the DICER system a unique method for both ventilation air pre-treatment 

(energy recovery) and total air conditioning providing all outdoor air at relatively low 

operating cost. 

Total Cooling Required 

Figure 5.1: Summer Cooling Operation of the DICER System. 

A portion of the total cooling required comes from the vapour compression system 

operating on the exhaust stream while the smaller portion comes from the regenerative 

evaporative cooling (enhanced heat and mass transfer). The evaporation process in the 
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heat exchanger accounts for sensible cooling and further dehumidifies the active cooling 

component in the form of a small vapour compression system that takes care of the 

latent load or the dehumidification of the supply air through the PPHE. 

The winter heating operation of the DICER system is presented in Figure 5.2. In this 

mode the DICER operates dry without any evaporative cooling. This is similar to an 

air-to-air heat exchange process (such as a sensible rotary heat exchange process). Dry 

effectiveness is slightly less than wet effectiveness. 

The only disadvantage of the DICER approach is a lower suction temperature typically 

in the range of 10°C DBT and 9°C WBT compared with 14°C DBT and 13.50C WBT in 

a typical vapour compression system operating with an enthalpy wheel or without 

recovery. This is one of the limitations of this cycle. However on the discharge side the 

condensing temperature is lower at about 20°C to 24°C DBT than the ambient 

conditions in other systelns. 

Figure 5.2: Winter Heating Operation of the DICER System. 

There are two modes of operation with the DrCER one with a direct expansion (DX) 

coil and the other with chilled water coils. Here the operating costs of both modes are 
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calculated and presented in Table 5.3. The total operating cost includes fan, pump and 

thermal operating costs to drive the system or the cost of energy recovery. The detailed 

cost calculations are presented in Appendix 3. 

Table 5.3: Operating Cost of the DICER System with Chilled Water Coils and DX System 

Operating Cost Chilled Water Coil DICER System DX DICER System 

Fan $1 954 $1 954 

Pump $23 $23 

Cost of Energy Recovery $1 646 $823 

Total Operating Cost $3623 $2800 

The total operating cost of the DICER with DX system is less than the chilled water 

DICER system because the COP of the DICER with DX coils is much higher, COP of 

6, whereas when operating with chilled water coils the COP drops to 3. 

Enthalpy Wheel Annual Operating Cost 

Similarly the design parameters for the rotary enthalpy wheel are shown in Table 5.4. 

Table 5.4 Enthalpy \Vheel Heat Exchanger Parameters 

Parameters of Rotary Enthalpy Wheel Symbol Numerical Value 

Diameter of the rotor D 1 700 mm 

Thickness or Length I::ix (L) 400mm 

Overall Effectiveness c 69% 

Total Pressure drop (Supply + Exhaust) I::iPfan 210 Pa 

Supply Air flow Vp 2600 Lis 

Exhaust Air flow Vs 2080L/s 

Annual Fan Operating Cost 

The total pressure drop in the rotary heat exchanger is presented in Table 5.3. The fan 

will be in operation during the entire year to overcome pressure drops across the heat 

exchanger. The annual operating cost due to pressure drop (fan) in the enthalpy wheel 

heat exchanger is: 

8760HOllrs V M L Ian Ian X Ec 
I '71 

(5.9) 
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Annual Pump Operating Cost 

No pump is required for the Enthalpy Wheel heat exchanger. 

Net Thermal Annual Operating Cost 

"" max t X E 
8760 HouTs [q- - q-] 
~ COP c 

(5.10) 

This represents the net operating cost for the heat exchange process. The q max in this 

process is the cooling required from process 1 - 4 as shown in the psychrometric chart 

Figure 5.3 . A portion of thermal energy is recovered from the total heating or cooling 

requirements resulting in a net operating cost. This can be broken down into cooling 

hours and heating hours in a year totalling 8760 hours. 

A detailed operating cost estimation uSIng the Enthalpy Wheel recovery for both 

cooling and heating hours is presented in Appendix 4. Figure 5.3 shows the summer 

cooling operation using the enthalpy wheel type of heat exchanger. 

'I!tJ 
1/. 

Figure 5.3: Summer Cooling Operation of an Enthalpy Wheel. 
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Energy recovered is shown by the process line 1-2. State point 3 is the supply air 

condition supplied to the "Room" to meet the heat loads. The supply conditions were 

determined from the UTS building service control system. The psychrometric chart in 

Figure 5.3 shows ventilation air pre-treatment from state 1 to 2. In the absence of an 

enthalpy wheel the vapour compression cooling coil has to handle all the loads from 

state 1 to 3. Thus with an enthalpy wheel the cooling coil only has to take care of the 

load from 2 to 3. State point 2 reflects the energy exchange between the room and the 

outdoor conditions and the resulting process line 1-2 indicates the energy recovery. 

Figure 5.4 shows the winter heating operation of the enthalpy wheel. Deficient heating 

which is the difference between room and state point 3 is provided by supplementary 

heating in the form of heating coils powered by electricity or natural gas. An enthalpy 

wheel is capable of recovering moisture depending on the state points of air entering 

and leaving the heat exchanger. Figure 5.4 shows the heating process for an enthalpy 

wheel, where the humidity ratio is constant. In this case Sydney winter design 

condition is taken and room set point is 21 DC and 30% RH. In these circumstances 

there is no moisture to recover, so enthalpy wheels behave in a similar fashion to air-to-

air heat exchangers (or rotary sensible heat exchangers). The annual cost of net energy 

recovery using the enthalpy wheel is presented in Appendix 4, for life cycle costing. 

Figure 5.4: Winter Heating Operation of an Enthalpy Wheel. 
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Table 5.5 shows the summary of the operating costs of the rotary heat exchanger under 

similar operating conditions to a DICER type heat exchanger. 

Table 5.5: Operating Cost of a Rotary Heat Exchanger (Enthalpy Wheel) 

Operating Cost Rotary Heat Exchanger (Enthalpy Wheel) 

Fan $932 

Pump No Pump Operating Cost (N/A) 

Cost of Energy Recovery $3752 

Total Operating Cost $4684 

The initial costs of the enthalpy wheel and the DICER system were obtained from 

commercial quotations. These costs were then converted to the cost paid by the user in 

terms of kilowatts of energy recovered. This step in cost evaluation is necessary as it 

reflects the initial price paid per kilowatts of energy saved as an indication of cost 

effectiveness and performance. These costs are 6.80¢/kW hr for an enthalpy wheel, 

8.05¢/kW hr for the DICER with chilled water coils and 8.12¢/kW hr for the DICER 

with DX system. The cost per kW are obtained by estimating the energy recovered by 

each system and the equivalent cost saved by each energy recovery method. The cost of 

energy is assumed to be 13¢/ kW hr for electricity and 3¢/kW hr for natural gas. 

Detailed calculations are presented for each system in Appendix 3 and 4. Also, taking 

into consideration the weight and different lnaterials required to make a particular 

product, the cost is also expressed in terms of cost per unit weight. This reflects the 

relative size and materials required to design and manufacture these products. This 

provides a useful insight into material selection and requires the designer to select 

optimum materials for cost effectiveness. As mentioned earlier in the assessment 

criteria (chapter 4) this is a useful comparison tool to assess a product from various 

aspects such as size and weight, performance, useful life etc. 

Summary Table 

Table 5.6: Total Operating Cost Summary for the DICER System and an Enthalpy Wheel 

Design Option (Energy Operating Maintenance Initial Cost Operating 

Recovery Methods) Cost/year Cost/year ($) Life 

DICER Chilled Water Coils $3623 $300 $24000 25 years 

DICER DX system $2800 $300 $30000 25 years 

Enthalpy Wheel $4684 $300 $9000 5 years 
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Using the summary infonnation presented in Table 5.6, the life cycle cost is presented 

for each of these design options. The decision on interest rates is influenced by several , 

factors and may change over the time period. The interest rate reflects the risk that can 

be anticipated in investment. In this life cycle costing method the interest rate is fixed 

at 7 percent which is higher than the current reserve bank interest rate of 5.4 percent. 

Table 5.7 shows the life cycle costing and equivalent annual investment as these design 

options each have a different useful life. The emphasis in this analysis and comparison 

is to assist the design decision making process by shifting the significance away from 

the lower first cost to an emphasis on the life cycle cost of the product as a whole. This 

life cycle costing approach therefore strives to increase the selection of better 

perfonning systems and lower the total cost of ownership. 

Table 5.7: Life cycle Cost and Equivalent Annual Investment 
PVIFA Present Value ($) Life Cycle Cost ($) Equivalent Annual Investment ($) 

Yrs @ DICER Chilled DICERDX Enthalpy DICER Chilled DICERDX Enthalpy DICER Chilled DICERDX Enthalpy 

(7%) Water Coils System Wheel Water Coils System Wheel Water Coils System Wheel 

1 0.93 3,666 2,897 4,624 27,666 32,897 13,624 29,603 35,200 14,578 
2 1.81 7,093 5,605 8,946 31,093 35,605 17,946 17,197 19,693 9,926 
3 2.62 10,295 8,135 12,985 34,295 38,135 21.985 13,068 14,532 8,377 --4 3.39 13,288 10,500 16,760 37,288 40,500 25,760 11,008 11,957 7,605 
5 4.10 16,085 12,711 20,288 40,085 42,711 29,288 9,776 10,417 7,143 
6 4.77 18,699 14,776 23,585 42,699 44,776 39,002 8,958 9,394 8,182 ---------~-7 5.39 21,142 16,707 26,666 45,142 46,707 42,083 8,376 8,667 7,809 
8 5.97 23,425 18,511 29,546 47,425 48,511 44,963 7,942 8,124 7,530 

'9-r-'-- ------
6.52 25,559 20,197 32,237 49,559 50,197 47,654 7,607 7,705 7,314 

10 7.02 27,554 21,773 34,753 51,554 51.773 . 50,170 7,340 7,371 7,143 
11 7.50 29,417 23,246 37,103 53,417 53,246 57,095 7,124 7,101 7,614 
12 7.94 31,159 24,622 39,300 55,159 54,622 59,292 6,945 6,877 7,465 
13 8.36 32,787 25,909 41,354 56,787 55,909 61,346 6,795 6,690 7,340 
14 8.75 34,308 27,111 43,273 58,308 57,111 63,265 6,667 6,530 7,234 
15 9.11 35,730 28,235 45,066 59,730 58,235 65,058 6,558 6,394 7,143 
16 9.45 37,059 29,285 46,742 61,059 59,285 69,996 6,464 6,276 7,410 
17 9.76 38,301 30,266 48,308 62,301 60,266 71,562 6,381 6,173 7,330 
18 10.06 39,462 31,183 49,772 63,462 61,183 73,026 6,309 6,082 7,260 
19 10.34 40,547 32,040 51,141 64,547 62,040 74,395 6,245 6,003 7,198 
20 10.59 41,560 32,841 52,419 65,560 62,841 75,673 6,188 5,932 7,143 
21 10.84 42,508 33,590 53,614 66,508 63,590 79,194 6,138 5,869 7,309 
22 11.06 43,393 34,290 54,731 67,393 64,290 80,311 6,093 5,812 7,261 
23 11 .27 44,221 34,944 55,775 68,221 64,944 81,355 6,052 5,761 7,217 
24 11.47 44,994 35,555 56,750 68,994 65,555 82,330 6,016 5,716 7,178 
25 11 .65 45,717 36,126 57,662 69217 66. 126 83.242 5.982 5,674 7,143 

Following are some of the assumptions made in this life cycle costing calculation. 
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1. The total ventilation air is 2600 Lis with a flow ratio of 1.25. 

2. The operating cost calculation and energy recovery are based on Sydney weather 

conditions extracted from ASHRAE bin temperature data 

3. The cost of adaptation, staff training and administrative as well as technical 

support is not considered as this is a pilot study undertaken for the first time in a 

commercial building under a government grant. 

4. The cost of decommissioning, disposal and recycling is not considered. 

5. The inflation rate as well as the interest rate remains constant over the entire 

period of cost calculation, which is highly unlikely and this is one of the main 

drawbacks of this method of life cycle analysis. 

6. The cost of energy escalation is neglected. 

The comparison Table 5.7 shows the life cycle cost as well as the equivalent annual 

investment for the whole life of the equipment. This is particularly useful when 

considering design options that have a different useful life. The life cycle cost for the 

DICER with DX coil is the best option from the life cycle design approach compared to 

all other options. The rotary enthalpy wheel has the highest life cycle cost as its 

expected life is only 5 years and it requires replacement every 5 years. So for low life 

systems the present value of the initial investment has to be taken into account at the 

end of each 5 year period at each replacement intervals. 

When a decision cannot be based solely on the life cycle cost of design alternatives, an 

equal annual investment, which requires equal annual payments, provides a better 

indicator of the cost involved in its life period. This is particularly useful when 

considering design alternatives that have a different useful life. 

Figure 5.5 shows the highest initial cost is for the DICER with DX system but over its 

entire life this design alternative proves to be the cheapest option. It is closely followed 

by the DICER with chilled water coils. The enthalpy wheel has the cheapest initial cost 

but requires replacement at the end of each 5 year period. This is indicated by a small 

jump in the cost shown in Figure 5.5. Over 25 years the enthalpy wheel is the most 

expensive as it requires the highest amount of yearly payments. There is a crossover of 

cost at the end of a 10 year period which shows the relative merits of each design to suit 
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the requirements. The actual payments for each of these design alternatives at the end 

of 25 year period are presented in Table 5.4. 

Equivalent Annual Cost 

40,000 
- - - - OICER with Chilled Water Coils 

35,000 --OICER with OX system 

30,000 -- Enthalpy Wheel 

€ 25,000 

U5 20,000 
0 
() 15,000 

10,000 

L5,00 __ 0 ___ __ ~~~~--~~~~~~~~~~--._._._.__r_._,_._·~i ~~~ 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

Years 

Figure 5.5: Equivalent Annual Cost Comparison of Design Alternatives 

The life cycle cost including operating, maintenance and initial costs are presented in 

Figure 5.6. Both the DICER with chilled water coils and the DICER with DX systems 

have a comparable life cycle cost with the DX systelll having the slight advantage of 

better perfonnance resulting in a lower operating cost. This lower operating cost is 

offset by the higher initial cost of the DICER with DX system. 

,.------_._----------------_.---- -------------
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Figure 5.6: Life Cycle Cost Comparison of Design Alternatives 
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The life cycle cost of the enthalpy wheel shows a significant difference over 25 years 

and is the most expensive alternative in the long run requiring replacement at the end of 

each 5 year period. This is shown in Figure 5.6 by a small jump in the cost. However, 

the enthalpy wheel is the cheapest solution for a short period of time up to 10 years as 

indicated by the crossover of the cost between the DICER system and the enthalpy 

wheel. 

Both Figures 5.5 and 5.6 present a number of interesting results: 

• This crossover is the boundary for a design decision on whether to select the 

DICER system or the enthalpy wheel for energy recovery applications. 

• At the end of a 10 year period all these systems result in almost the same life 

cycle cost. This is indicated by the intersecting lines shown in Figure 5.5 and 

Figure 5.6. 

• This comparison of life cycle designs offers a cost efficient and environmentally 

favourable option in this comparative cost and performance study. 

Another observation regarding both Figures 5.5 and 5.6 concerns regular replacement 

cost which occurs at the end of every 5 year period for rotary heat exchangers but for 

the DICER systems life is reported to be 25 years. Thus the DrCER system is a one time 

investment as opposed to the need for replacement every 5 years for the rotary type heat 

exchangers. 

5.6 Conclusion 

Life cycle cost analysis is integrated with the performance of the system, initial cost and 

present value interest worth factor annuity (PVIF A). A comparison is also presented in 

terms of life cycle cost for other energy recovery systems such as the rotary heat 

exchanger. This study is based on the design conditions for Sydney (both summer and 

winter) and energy recovery is estimated for a year based on the temperature bin data 

available from the ASHRAE bin data for the Australian climate. A number of 

conclusions can be drawn from this life cycle costing study. 

First the use of a high performance system decreases the peak load as well as annual 

operating costs which contribute to a red ction in the load on chillers and boilers. 
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These reductions reduce the peak demand penalty rates as well as the annual operating 

cost. 

Secondly even though the initial cost is a deterrent to adopting some of these effective 

methods of reducing the energy consumption from air conditioning in a building, in the 

long run these approaches prove to be cost effective when economic calculations are 

carried out to justify their selection. The best approach can be justified by considering 

life cycle costing over the operating life of the selected equipment. 

Finally the use of a hybrid system with supplementary cooling in the form of chilled 

water coils or a DX coils examined in this study has the lowest life cycle cost compared 

to a rotary heat exchanger even though the initial cost of a hybrid system is very high 

compared to rotary heat exchangers. Significantly, over its entire life the total cost of 

ownership of high performance and long life equipment outweighs low performance 

and low initial cost systems. 
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CHAPTER 6. MATERIALS AND MANUFACTURING 

6.1 Introduction 

Engineers should, on the one hand, be well versed in the scientific fundamentals of their 

discipline, and on the other hand they should also be able to evaluate materials, 

manufacturing, production, and economic, safety and environmental impacts. These 

multidisciplinary skills are at the heart of engineering design. The object of this 

discussion in thermal-fluid science is a heat exchanger (PPHE) whose practical 

application is in an air conditioning system (DICER method of air conditioning). All 

the above are essential aspects of product design and development, which not only 

include specially developed knowledge in the field of science and engineering but also 

require specific knowledge of materials and manufacturing (eg. composite materials and 

plastics in this case). 

- - - Heat Exchanger Housing 

Material Selection 
...-..--- (Described in Section 6.2 

to 6.1 0) 

How Much Material 
1---(Described in Section 6.11) 

Which Process (Described 
1--- in Section 6.12) 

Figure 6.1 : Outline ofJ\laterials and M anufacturing 
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The purpose of this chapter is to examine how a scientifically sound concept can be 

converted into a commercial reality. The steps involved in converting such a complex 

product into a commercially viable proposition are outlined. The earlier chapters are 

considered necessary and essential steps to provide insight into understanding the 

strengths and weaknesses of the technology. Having established an understanding of 

the technology and its concepts this chapter moves into investigating materials and 

manufacturing. The general approach of this chapter is outlined in Figure 6.1. 

In this chapter, fibreglass is considered to be the preferred material for manufacturing 

the housing for the heat exchanger. This is due to its desirable properties of resistance to 

corrosion, noise attenuation and its lighter weight compared with aluminium and steel. 

The study reports first on the details of fibreglass technology and later in the chapter a 

model for quantity determination is presented for volume manufacturing. This is 

specifically applied to fabrication and fibreglass techniques. 

6.2 Engineering Materials 

There are in excess of 50 000 materials accessible to engineers for the design and 

manufacturing of products with different applications, As a result there appears to be 

no limit to the variety of materials for product design. The scope ranges from ordinary 

materials such as copper, cast iron, brass etc, which have been available for several 

hundred years to the most recently developed advanced materials such as composites, 

ceramics and high perfom1ance steels (Mazumdar 2002). Due to the wide selection of 

materials available today, engineers are confronted with a huge challenge in selecting a 

precise material and the most satisfactory manufacturing process. It is difficult to study 

all these materials; therefore a broad classification is essential to provide an overview 

and distinguish between various materials such as metals, plastics, ceramics, and 

composites. 

6.2.1 Metals 

Metals and metal alloys are the most common materials in engineering as they have the 

largest design and processing history. The common metals are: iron, aluminium, 

copper, magnesiUlTI, zinc, nickel, lead, tin, and titanium. In most applications alloys are 
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preferred as they offer superior properties of lustre, high thennal conductivity, and high 

electrical conductivity. They are also relatively ductile in comparison to pure metals 

(DeGarmo, Black et al. 2003). Metals have a higher density and are therefore heavier 

than plastics and composites. Only aluminium, magnesium, and beryllium provide a 

density close to that of plastics. Steel is generally 4 to 7 times denser than plastic 

materials, and aluminium is about twice as heavy than plastics (Mazumdar 2002). 

Metals require several machining operations to obtain the final product including 

changes in metallurgical structure (strain hardening, heat treatment, surface 

modification etc). However composites and plastics do not require complicated 

machining processes to obtain the appropriate shape and size. The application of metals 

is preferable in terms of high strength, high stiffness, electrical conductivity, and high 

service temperature. In many cases, metals and non-metals are viewed as competing 

tnaterials with selection based on how well each provides the required properties. 

Material substitution is a complex issue that embraces concerns far beyond simple 

relationships of strength, weight, manufacturing, production, thermal behaviour etc. In 

a case when performance is equal, total cost (cost of material + manufacturing + 

finishing or machining) is often the deciding factor. A detailed description of each 

metal is outside the scope of this thesis. 

6.2.2 Ceramics 

Ceramics are crystalline solids composed of metallic and non metallic materials often in 

the form of oxides, carbides and nitrides which exist in a wide variety of compositions 

and forms (DeGanno, Black et al. 2003). Originally ceramics were clay based materials 

such as bricks and pottery. Ceramics are the most rigid of all the materials and possess 

no ductility. Ceramics have a very strong covalent bond and therefore provide excellent 

thermal stability and a high hardness. In recent years ceramics have gained popularity 

in high temperature applications such as the construction of adiabatic engines where 

both high temperature and high resistance to wear is essential. Ceramics also possess 

good resistance to chemical attack. Ceramics are in great demand for their electrical 

properties as solid electrolytes in experimental batteries, machine tools, fuel cells, 

automotive sensors (eg. oxygen sensor in the exhaust pipe of automotives), integrated 

circuits, fibre optics, microchips, magnetic heads and even in biomedicine (Jacobs and 

Kilduff 2001). Ceramics cannot be processed by corrunon metallurgical techniques and 
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require high temperature equipment for fabrication. Due to their high level of hardness 

ceramics are difficult to machine and therefore require net shape fonning to achieve the 

final desired shape. Ceramics require expensive cutting tools such as carbide and 

diamond tools (Mazumdar 2002). Further treatment on ceramics is outside the scope of 

this thesis. 

6.2.3 Plastics 

Recently plastics have become a common engineering material. In the past 5 years the 

production of plastics on a volume basis has exceeded steel production due to the 

increased demand for plastic manufactured parts (Mazumdar 2002). The main features 

of plastic materials are their light weight, resistance to corrosion and ease of processing. 

Plastics are available in sheets, bars, rods, powders, granules and can be formed close to 

their net shape thus eliminating costly machining processes. This feature provides the 

production of low cost parts (Mazumdar 2002). Apart from Teflon (200 - 260°C) 

plastics are limited to high temperature applications. They have a general operating 

range of 100 to 200°C without adverse effects (Mazumdar 2002). If an application 

requires the use of plastic rather than nletal the low heat resistance of plastics is an 

advantage because, due to their low melting point, lower melting temperatures can be 

processed easily with less energy consumption. 

6.2.4 Composites 

Composites have been utilised for a long period of time but they only achieved 

overwhelming popularity in the 1960s (Ed\vards 1998). Since then, composites have 

become common engineering materials and are designed and manufactured for various 

applications. The growth in composite usage also arose because of increased awareness 

regarding product perfonnance and increased competition in the global market for 

lightweight components. Among all available materials, composites have the potential 

to replace steel and aluminium as widely used materials with improved perfonnance. 

Replacing steel components with composites can save 60 percent to 80 percent of the 

weight of components and 20 to 50 percent of the weight when replacing aluminium 

parts (Mazumdar 2002). 
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This is a brief preliminary note on broad material classification and description. In the 

coming sections materials and manufacturing with plastics and composites (fibreglass) 

is described in detail. 

6.3 Outline of Composites - Fibre-Reinforced Polymer (FRP) 

A composite material is made by combining two or more materials to produce a unique 

combination of properties. This is a general definition that can include metals, non-

metals, polymers minerals, wood etc. Fibre-reinforced composite materials differ from 

the above materials in that their constituent materials are different at the molecular level 

and are mechanically separable. The purpose of combining two or more distinct 

materials is to suppress undesirable properties in favour of desirable ones. The resulting 

properties of composites are an improvement on the properties of the constituent 

materials. At an atomic level combinations such as metal alloys and polymer blends are 

excluded from this definition. However, with the invention of nano-composites group 

alloys and blends can probably be included under the umbrella of composites (Advani 

and Sozer 2003). In bulk form the constituent materials work together but remain in 

their original fOnTIs. Even though FRP are recognised as possessing superior specific 

properties when compared with conventional engineering materials limitations to their 

wide spread use remain as engineering designers often choose to work with more 

familiar materials (Edwards 1998). 

Composite materials refer to materials having strong fibres (reinforcing agent) -

continuous or non-continuous (long, woven, short, chopped fibre and mat) surrounded 

by a weaker matrix material known as resin. The bonding between fibres and matrix is 

created during the manufacturing stage and the overall strength depends on the way the 

fibres are laid in the composite. This provides the major control on the mechanical 

properties of the overall composition. The reinforcing fibres provide strength and 

stiffness to the composite structure whereas the matrix provides rigidity and 

environmental resistance (Advani and Sozer 2003). For additional reinforcement fillers 

are added into the matrix to provide directionality or anisotropy in the FRP material. 

Therefore FRP manufacturing is highly dependent on the orientation of the fibres . 

Figure 6.2 shows the individual constituents (fibre and resin) of composites. 
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+ 

Fibers Resin COlnposite 
Figure 6.2: Formation of Composite Material. Source: (Mazumdar 2002) 

The polymer matrix (resin) is either a thermoset or a thermoplastic material and the 

fibres are made from glass, carbon or polyn:ler. Thermoset materials can be 

impregnated into the empty spaces between the fibres. In an additional process which 

involves the formation of a chemical bond or cross-linking, a polymer chain known as 

"curing" is required to bind the fibres and give structural rigidity and strength to the 

composition (Advani and Sozer 2003). Thermoplastic materials do not require this step 

as they are highly viscous (as much as a million times more than water). For increased 

toughness, thermoplastic based composites are selected. Their disadvantage due to their 

high viscosity makes it difficult for them to flow and fill the tiny empty spaces between 

the reinforcing fibres. Therefore, the viscosity of resin plays an important role in the 

processing steps during manufacturing (Advani and Sozer 2003). 

Composite behaviour largely depends on the fibre/matrix relation. Typically 70 to 90 

percent of the load is carried by fibres. On the other hand the matrix binds the fibres 

and transfers load to the fibres. The matrix acts as an isolator between the individual 

fibres thereby slowing the rate of crack propagation (Mazumdar 2002). Depending on 

the performance characteristics of the matrix material such as ductility, impact 

resistance, chemical resistance and weather-ability are also influenced. It is essential to 

check fibre and resin compatibility for composite manufacturing. The variables that 

have a major influence on the properties of FRPs are (Edwards 1998): 

• Fibre type 

• Alignment and Distribution of fibres 

• Fibre/matrix interface 

• Size and shape of fibres 

• Loading direction 

153 



6.3.1 Fibre Type 

Glass fibre is the most commonly used type of fibre. Other fibres are aramid, carbon 

and boron. Glass fibre is a mixture of oxides of silica, calcium, aluminium, boron iron 

etc. The principle oxide is silica with smaller amounts of other oxides. The most 

common commercial grades of glass fibre are (Edwards 1998): 

• E - Glass, good electrical insulator and high strength (general purpose) 

• C - Glass, good chemical corrosion resistance 

• S - Glass, high temperature and stiffness 

• R - Glass, mostly civil structures, a variant of S - Glass 

• A - Glass, high alkali content for chemical resistance 

• D - Glass, low dielectric and low density 

• L - Glass, high lead content for radiation protection. 

The most common and widely used grade of ,fibre is E - Glass which accounts for 

almost 95 percent of the total glass fibre production (Edwards 1998). 

Aramid fibre is a generic name for aromatic polyamide fibres, a class of synthetic 

organic fibres. Aramid fibre is also called Kevlar a trade name of DuPont. Kevlar has a 

crystalline structure with string covalent bonding in fibre direction and relatively 

weaker hydrogen bonding in the fibre transverse direction. Kevlar is available in three 

main types: 

• Kevlar: for mechanical rubber goods such as tyres 

• Kevlar 29: for cables and ropes 

• Kevlar 49: for aerospace, automotive and marine structures 

Aramid fibre offers high chemical and thermal resistance, along with compreSSIve 

strength similar to E-Glass. However it suffers from ultraviolet (UV) degradation 

(Marsh 2003). These products are generally expensive compared to common glass 

fibre. 
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There are 3 maIn types of carbon fibres depending on the requirements of their 

mechanical properties. These are achieved by adjusting the process temperature during 

controlled pyrolysis. Carbon fibres are obtained from residues of petroleum products 

(Gay, Hoa et al. 2003). The 3 main types of carbon fibres are: 

• High modulus (Type I) 

• High strength (Type II) 

• General purpose (Type III) 

These are expensIve fibres and mainly used in specialised applications such as 

aerospace manufacturing as their specific strength is many times superior to that of 

steel. Due to this reason they are the material of choice for high performance parts 

where requirements of low weight along with strength are the primary focus. The only 

disadvantage of carbon is due to its brittleness, which can break without warning 

(Marsh 2003). Compatible resins for carbon fibres are vinyl esters and epoxies due to 

their moisture resistance and ability to bond with a range of fibres. 

Boron fibre is produced by high temperature reduction of boron trichloride and 

hydrogen on a tungsten or carbon substrate. The strong, stiff boron fibres are much 

larger in diameter and denser than glass, aramid and carbon fibres (Edwards 1998). 

The above description allows a judgement to be reached on the relative importance of 

one type of fibre over another. Generally carbon, boron and Kevlar are high 

performance components. Glass fibre is a general purpose product and the most 

common type in its class is E - Glass. 

6.3.2 Alignment and Distribution of Fibre 

The main load bearing element is the fibre and the strength of the fibre is greatest along 

its axis. A fibre fonn is selected depending on the type of application and 

manufacturing method. For most structural applications continuous and long fibres are 

recommended. For non structural applications short fibres are recommended. In 

manufacturing methods injection and compression Moulding uses short fibres whereas 
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filament winding or pultrusion use continuous fibres. Figure 6.3 illustrates the fonn of 

continuous long fibres and short fibres (Mazumdar 2002). 

Continuous fiber COlllposjtes Short fiber cOJnposites 

Figure 6.3: Continuous and Short Fibre Composites, Source: (Mazumdar 2002). 

Combinations of different fabrics can be laid on top of each layer. The purpose of 

having one layer of fabric on other is to create an isotropic property in all possible 

directions to guard against failure in longitudinal, transverse directions. Sometimes the 

combination of different laminates serves chemical as well as mechanical requirements. 

C - Glass is the common outer layer (surfacing veil) for chemical resistance application 

(\\Tarring 2003). 

Several types of reinforcing schemes can be applied depending on the design 

requirement and base load bearing characteristics to account for different modes of 

failure (Gay, Boa et al. 2003). For advanced composites, the fibres are used in the fonn 

of rovings, yams, strands, and tows. These yarns or tows can be combined in various 

forms to create a preform (Advani and Sozer 2003). Photographs of some of the typical 

fabrics are shown in Figure 6.4 (SaintGobain 2005). 

A common combination of different layers of fabric in the manufacturing of heat 

exchanger housing consists of chopped strand mat as the external layers with the core 

being woven fabric. If extra chemical resistance is required C-Glass is recommended 

for the outer layer in place of an extra resin rich layer of gelcoat or flowcoat. The core 

provides the major strength and rigidity requirements. 
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Roving is a bundle of continuous filaments or a collection of parallel strands. The 

bundle may be in an internally twisted or untwisted form. Chopped rovings are used in 

the production of dough Moulding compounds (DMC) and bulk Moulding compounds 

(BMC). They are also used for gun applications with a hand or mechanical chopping 

process. 

Chopped strands have been chopped into short lengths of up to 50 mm. The fibres are 

randomly distributed and normally mixed with resin and fillers. There are two classes 

of chopped strand. One is known as an emulsion bound and the other is a powder 

bound. The size of the fibres together with the length and diameter of the strands can be 

selected to provide high strand integrity, and compatibility with different polymers. 

Figure 6.4: Typical Fabrics, Top Left - Rovings, Top Right - Chopped Strand (A type of random 
fibre), Bottom Left - Weave and Bottom Right - Stitched, Source: (SaintGobain 2005) 

Woven fabric is the simplest form with warp and weft yams alternatively passing under 

and over each other. Woven fabrics are identified by their weave pattern. These fabrics 

are available in most reinforcement types and also in hybrid or mixed form making 

them versatile. Their tensile strength can be balanced in all directions or given the 

maximum value in a particular direction by suitable arrangement in the orientation of 
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the fibres. There are various classes of weaves depending on the construction of the 

woven fabric. 

Knitted fabrics are produced using a conventional textile knitting process. A large 

variety and pattern of knitted fabrics are available. Due to low fabric density these are 

easily damaged and have poor mechanical properties. 

Surfacing veil or Surfacing tissue was originally developed to hide the pattern of glass 

cloths when laid up in matched metal moulds. This surfacing veil can also be used as a 

"cushioning layer" between the gelcoat and the main reinforcement layer in any 

Moulding or lay-up process in a female mould. This layer also provides some 

reinforcement for the gel co at. A surfacing veil is shown in Figure 6.5. 

Figure 6.5: Surfacing Veil (Source: Huntsman Composites) 

A surfacing veil has two main applications: (Cranitch 2005). 

• As a finished layer on a chopped strand mat lay-up to cover the coarse glass 

pattern of the mat before adding a final gelcoat. 

• As a finished layer to prevent any glass pattern appearing on the outer surface. 

Thus this layer provides a corro·sion barrier as well as preventing cracking. 
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In most corrosion applications C-glass is used. However in an application where C-glass 

is not suitable other types made from thermoplastic polyester or carbon fibre may be 

used (Warring 2003). 

Modem surfacing veils are produced in 0.25 mm, 0.4 mm thicknesses from chemically 

resistant glass giving maximum resistance to both acids and alkalis (Warring 2003). 

For most surfacing veils a styrene binder is used with the surfacing veil as this is highly 

soluble in polyester resin. This is suitable for a hand lay-up process. There are other 

surfacing tissues which are not suitable for a hand lay-up process but are suitable for 

closed Moulding processes as these tissues have a low binder content (Warring 2003). 

Prep regs is a resin impregnated fibre, fabric or mat in flat form which is stored for later 

use in hand lay-up or Moulding operations. Various types of prepregs are available 

such as unidirectional, woven fabric, rovings of glass, carbon, or aramid fibres. 

Prepregs are broadly classified as thermoset based and thermoplastic based. The 

difference between the two is the type of resin used. 

6.3.3 Fibre/Matrix Interface 

A strong bonding between the fibre and the matrix \vill improve the interlaminar shear 

strength, delamination resistance, fatigue properties and corrosion resistance. A weak 

bond is also useful when the design intention is for damage tolerance, noise and energy 

absorption. The interface area between the fibres and the resin is given approximately 

by four times the volume fraction of the fibres divided by the diameter of the fibre 

(Advani and Sozer 2003). Care must be taken to ensure compatibility of fibre/matrix 

within one layer and between adjacent layers. Where there is any doubt material 

suppliers should be consulted. Particular examples of the problems that can occur are 

outlined in the Australian Standards for boat and ship design and construction using a 

fibre reinforced plastics construction. The method outlined in this Australian Standard 

closely resembles the fabrication process and materials used in manufacturing the heat 

exchanger casing. The problems and the compatibility of the fibre and the matrix are 

(AS4132.3 1993): 
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• Bond problems between epoxy and polyester resins. In general, epoxy systems 

will bond with a fully cured and sanded polyester surface, but polyester bond 

and cure properties onto epoxy surfaces are often poor. 

• The inability of epoxy resins to wet out emulsion bound chopped-strand mat. 

Powder bound mat should be used with epoxy system. 

A good bond between the fibre and the matrix is created by wetting the fibre with resin. 

The thermodynamics of wetting states that low energy liquids wet high energy solids. 

Wetting phenomenon is a surface science which is concerned with surface energy for 

adhesion and cohesion. Efficient wetting corresponds to a small contact angle which 

creates spreading dominated by adhesion (Lock 1994). Thermodynamics will 

demonstrate whether a particular resin will wet the fibre but will not predict the rate. To 

understand the rate of wetting requires knowledge of resin flows and how they 

impregnate the fibre surface (Advani and Sozer 2003). 

All glass fibres are treated by a technique known as "sizing". This is a critical aspect of 

glass fibre. Sizing protects from abrasion as well as acting as a process aid during 

Moulding. Sizing is a chemical layer of an organic silicon that promotes adhesion 

between the matrix and the glass (Warring 2003). Sizing forms a chemical hook that 

forms a bond with resin, chemically locking the resin with the fabric., This surface 

modification or sizing is designed to produce a stronger fibre/resin interface. 

Sizing considerably affects the processing and final performance characteristics of the 

composite parts. Manufacturers often use sizing to enhance compatibility between the 

resin and reinforcement. Such micro coating can affect the flow characteristics of resins 

during the manufacturing stages. Sizings are critical components of material systems 

from the perspective of both flow and wetting. From the performance point of view 

incomplete wetting may result in premature failure and poor overall performance 

(Palmese and Karbhari 1995). 

6.3.4 Size and Shape of Fibres 

Two or more different types or fibre fOnTIS are combined to form a hybrid combination 

for cost reduction and performance benefits (Edwards 1998). A broad classification of 
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size and shape of the fibres is based on short fibres (whose ratio aspect is less than 100) 

and continuous long fibres. Further classifications include mixed fibres which are in 

weave form with different combinations being possible based on style, density and 

different mix (Advani and Sozer 2003). A range of filament diameters and strand 

dimensions are produced. Typical size ranges for different reinforcement materials are 

as follows (Warring 2003): 

• Rovings and chopped strands - 8 to 14 Jlm 

• Chopped strand mats - 9 to 14 Jlm 

• Special rovings - 10 to 15 Jlm 

• Continuous strand mats - 14 to 15 Jlm 

• Reinforcement fabrics - 4 to 10 Jlln 

6.3.5 Loading Direction 

Loading direction should be considered when composites are designed for particular 

applications. The fibres should be aligned in the main load carrying direction. For 

tension and compression continuous fibres arc preferred whereas for flexural load 

random chopped strand mat is preferred to create isotropic properties in the composite 

structure (Advani and Sozer 2003). 

6.4 Common Matrix Materials (Resins) Overview 

The role of resin in FRP is to maintain the structural integrity by bonding the fibres 

together. The choice of matrix material depends on the mechanical, thermal, chemical 

properties, processing methods and cost. Matrix materials are either thermoplastic or 

thermoset, but thermoset are the most common. The generic name for resins is 

"polymer" which includes both thermoset and thennosetting polymers. 

Thermoset polymers undergo a curing reaction or chemical cross-linking process where 

a resin of relatively low molecular weight is converted into a material of high molecular 

weight. The process of cross-linking is irreversible and can take place at room 

temperature or at an elevated temperature. The common generic group of thermoset 

resins are: polyester, epoxies, phenolics, and polyimides (Mazumdar 2002). 
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Thennoplastic polymers soften with heating and eventually melt with heat and harden 

again with cooling. This process is reversible without any effect on material property. 

Common thennoplastics includes nylon, polypropylene and Acrylonitrile Butadiene 

Styrene (ABS) and these are mostly used with chopped fibres such as glass (Mazumdar 

2002; Ferguson 2006). 

6.4.1 Polyester 

Unsaturated polyesters are the most common types of resin used in the manufacturing 

process of composites. Unsaturated means resin is capable of being cured from a liquid 

to a solid state when subjected to the right conditions. The process of cross-linking is 

brought about by dissolving the polyester in a suitable Inonomer, usually styrene in the 

presence of a catalyst and accelerator. There are two principle types of polyester resin 

used in composite industry (Ferguson 2006): 

• Orthophthalic 

• Isophthalic 

Orthophthalic polyester resin is a more economical version than isophthalic, which is 

used in various applications where weather and water resistance is not severe. 

r sophthalic is the preferred material when water and weather resistance properties are 

required. In an overall cost comparison with other resins, polyester is the most 

economical resin system. 

Most polyester reSIns are VISCOUS, pale coloured liquid consisting of a solution of 

polyester in a monomer which is usually a styrene. The amount of styrene varies 

depending upon the viscosity required for easy handllng. The addition of styrene could 

extend up to 50 percent (Mazumdar 2002). Styrene helps the resin to cure from a liquid 

to a solid by cross-linking the molecular chains of the polyester; this is known as the 

curing process. Polyester resin itself would cure over time, so a small quantity of 

inhibitor is added during the manufacturing of resin to slow the cross-linking process 

(Ferguson 2006). 
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6.4.2 Vinylester 

Vinyl ester resins are similar to polyester in molecular structure but differ primarily in 

the location of their reactive sites. In vinyl ester molecules, there are fewer unsaturated 

sites for cross-linking than in polyester or epoxies and therefore vinyl ester based FRPs 

are more ductile and have a relatively higher level of toughness (Mazumdar 2002). 

These resins offer good chemical and corrosion resistance and are used for FRP pipes 

and tanks in the chemical industry (Ferguson 2006). These resins are commonly used 

for pultrusion, filament winding, SMC, and RTM processes. 

6.4.3 Epoxy 

Epoxy is a very versatile resin system that possesses a broad range of properties and 

processing capabilities. It exhibits low shrinkage as well as excellent adhesion to a 

variety of fibres (Mazumdar 2002). Epoxies vary in grade to nleet different application 

needs. They can be formulated with other materials or can be mixed with other epoxies 

to provide varying levels of performance to meet different applications. By changing 

the formulation, properties of epoxies can be changed, the cure rate can be modified, 

processing temperature requirement can be changed, cycle titne can be changed, 

toughness can be changed, and temperature resistance can be improved and so on 

(Strong 1989). Epoxies are cured by chemical reaction with an1ines, phenols, 

carboxylic acid and alcohols (Mazumdar 2002). 

Epoxies are available in liquid, solid, and semi-solid forms. Liquid epoxies are used in 

RTM, filament winding, pultrusion, hand lay-up and other processes with various 

reinforcing fibres such as glass, carbon, aramid, boron etc. Semi solid epoxies are used 

in prepeg for vacuum bagging and autoclave processes. Epoxies are more expensive 

than polyester and Vinyl ester and are therefore not used in cost sensitive markets unless 

specific performance is needed (Mazumdar 2002). Epoxies are more brittle than other 

resin systems. 

6.4.4 Phenolics 

Phenolics are formed by the reaction of phenol (carbolic acid) and formaldehyde, and 

catalysed by an acid or base. Their curing properties are different from other 
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thermosetting resins such as epoxies due to the fact that water is generated during the 

curing reaction. Phenolics are generally used for the following applications (Strong 

1989). 

• High temperature resistance is required 

• Electrical properties are needed 

• Wear resistance is important 

• Good corrosion resistance and dimensional stability are essential. 

Some of the manufacturing techniques where phenolic resins are used are: filament 

winding, RTM, injection Moulding and compression Moulding. 

6.5 Resin to Glass Ratio 

As a rough guide for producing hand lay-up laminates in a chopped strand mat the 

amount of resin necessary to achieve proper wetting and mixing of laminates is 2.5 

times the total glass weight regardless of the actual number of layers or total thickness 

(Warring 2003). With woven cloth and rovings, the amount of resin used is nonnally 

the same weight as that of the glass (.A .. S4132.3 1993). These are only general 

guidelines but the quality of a FRP product depends on the \vorkmanship. It may be 

possible to reduce the amount of resin and obtain a higher glass to resin ratio which is 

desirable from the point of view of strength. 

6.6 Catalyst Promoters and Inhibitors 

Catalysts used in fibreglass manufacturing are organic peroxides that work together 

with promoters to initiate a chemical reaction that causes a resin to gel and harden. The 

amount of time between when the catalyst is added and the resin begins to gel is 

referred as the "gel time". Catalyst and promoter levels can be adjusted to a certain 

extent to shorten or lengthen the gel time and accommodate high and low temperatures. 

The gel time and the reaction rate for a resin is shown in Appendix 10 and 11. 

If longer gel time is required, inhibitors can be added to a resin systelTI to lengthen the 

gel time. However care should be taken not to decrease or increase prolTIoter/catalyst 
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levels beyond what is recommended for a particular resin. If the level of catalyst is too 

low, incomplete curing may occur which could result in decreased physical properties 

and chemical resistance. On the other hand, levels that are too high can cause the 

laminate to delaminate, bum or discolour during curing. In addition, if promoters or 

catalyst levels are too high, the result can be under curing (ASHLAND Speciality 

Chemical Company 2005). 

There are two main types of catalyst for cunng polyester and epOXIes at room 

temperature. These are Methyl Ethyl Ketone Peroxide (MEKP) and Benzoyl Peroxide 

(BPO). A third type of catalyst which is less common but sometimes blended with 

(MEKP) is known as Cumene Hydroperoxide (CHP). 

An appropriate choice of catalyst is critical for achieving the expected chemical 

resistance. Care must be taken not to select catalysts that are too fast or too slow in 

curing. Unusually fast or slow cure times can result in reduced corrosion resistance in 

the final cured product (Cranitch 2005) . 

Catalysts have a certain useful1ife and deterioration takes place with age. The onset of 

deterioration is shown by gassing when the catalyst starts to lose its peroxide content. 

At the same time the catalyst begins to discolour. Manufacturers normally guarantee a 

minimum of six months for a catalyst but in practice they will keep for tlluch longer if 

stored in a cold place (Ferguson 2006). If the catalysts are stored and exposed to 

sunlight they can decompose very rapidly and even self ignite or explode. So extra 

caution is need in handling and transportation. 

In addition to a catalyst, at least one promoter is required to make a resin cure at room 

temperature. Generally the promoter is mixed thoroughly before being added to the 

catalyst. The catalyst then reacts with the promoter to cause the resin to gel. The 

promoter level can also be adjusted to shorten or lengthen a gel time as needed. 

Common types of promoters are Cobalt Naphthenate, Dimethylaniline (DMA) and 

Copper Naphthenate. 

Inhibitors are used to lengthen the gel time of vinyl ester and polyester reSIns. 

Inhibitors are useful when very long gel times are required or when resin is curing 
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quickly due to high temperatures. Some common inhibitors are tertiary butyl catechol 

(TBC), hydroquinone (HQ) and toluhydroquinone (THQ). All these inhibitors can be 

used with MEKP, BPO and CHP. However, care should be taken not to add too much 

inhibitor as this could result in pennanent under curing thereby reducing corrosion 

resistance. 

Some extreme caution should be exercised when handling these chemicals and the 

safety caution is listed below for FRP manufacturing. It is highly recommended that the 

product safety data sheet should be referred to in case of doubt. 

Safety Note (Cranitch 2005): 

1. The promoter should never be mixed directly with a peroxide catalyst (such as 

MEKP). Mixing would cause violent reaction and a fire or explosion could 

result. 

2. Catalyst should be added to resin but resin should not be directly added to the 

catalyst. 

3. Technical data and safe handling techniques and storage information should be 

obtained from the manl~racturer f or resin, accelerator (catalyst), promoter and 

inhibitor. Appropriate protective clothing should be used to minimize the risk. 

(eg. MEKP is especially dangerous to eyes and skin) 

6.7 Additives and Fillers 

Additives and fillers are added to the resin to improve certain specific properties such as 

flame resistance, corrosion resistance, stiffness, ultraviolet stabilisers, abrasion 

resistan~e, etc. Resins with these additives are generally used in hand lay-up and spray-

up applications. Some of the additives are for purely aesthetic purposes such as 

pigments for giving a desired colour. These are nonnally used in the gelcoat. Fillers 

are inert substances which are added to FRP for cost reduction as well as for strength. 

However, the filler material should not be excessive as this will adversely affect the 

overall strength of the FRP. Some filler consist of special materials for improving 

tensile or impact strength. The basic requirement for filler material is chemical 

inertness and this should not have any effect on the curing process of the resin. Adding 
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a filler increases the density of the resin system and reduces the effect of resin shrinkage 

which is desirable as it reduces defects due to shrinkage (Warring 2003). 

6.8 Gelcoat and Flowcoat 

Gelcoat and flowcoat (flowcoat is also called topcoat) are resin rich pigmented layers 

and usually fonn the final layer for protection against weather, chemical and corrosion. 

Gelcoat must cure sufficiently before being applied to the reinforced laminate. The 

curing time depends on conditions such as temperature, gel time, mould profile, 

thickness and the catalyst. The curing process releases heat (exothermic reaction) 

which helps to reduce the curing time. Gelcoat does not provide additional strength but 

it is only applied to achieve an even dry surface. The thickness of gelcoat should be 

kept to a minimum in the range of O.4mm to 0.6mm, corresponding to a wet film 

thickness of 0.6 to 0.7mm (AS4132.3 1993). The catalyst (MEKP) level is usually 

between 1.5 to 3 percent (Cranitch 2005). 

Flowcoat is the final layer and no further laminate layers can be added after an 

application of flowcoat. The difference between gel coat and flowcoat is the waxed 

resin rich layer and un\vaxed resin rich layer. If an additional layer is to be added the 

flowcoat layer should be sanded and removed and only then can laminates be applied 

(Ferguson 2006). 

6.9 Estimating Strength and Thickness of FRP 

Before deciding the quantity and manufacturing process, a strength and weight 

calculation must be carried out to evaluate the design of a part or parts. The thickness 

and number of laminates are decided on, based on the strength required to support their 

own weight as well as the weight of the whole assembly. Chopped strand mat fonns the 

outer reinforcement with woven fabric as the core for this analysis. The reason for 

choosing chopped strand mat is to take uniform load distribution into account. Woven 

fabric provides further reinforcement as the core. The woven fabric provides good 

insulation to the heat exchanger core as well as sound attenuation. These are the key 
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features for selecting FRP materials in addition to light weight and corrosion resistant 

instead of metal housing. 

The model for this analysis is ICERIB0900 for which the total weight is approximately 

200 kg including the heat exchanger, fan pumps, water tank and other accessories. For 

the calculation of strength a uniformly distributed load is considered on a plane surface 

rather than as a beam. The main load bearing element is the base plate so from the 

strength point of view the base plate is the critical component. The overall size of the 

unit is shown in Appendix 5. 

For the base plate design only relevant analysis is applied. The plate design theory is 

used as described in detail by Armenakas (2006). The maximum deflection (umax) over 

the entire length is assumed to be less than or equal to L/400 (= 5 mm) (Gay, Hoa et al. 

2003). The loading geometry of a simply supported rectangular plate is shown in 

Appendix 6 for calculating thickness to withstand loading. 

Figure 6.6: Casing Manufacturing Process (Source: FICOM) 

The total laminate thickness required is calculated to be 5.7 mm which can safely 

withstand the loading without any other material reinforcement such as wood, steel or 
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aluminium rods. These are common materials used to further reinforce FRP to provide 

extra strength and perform satisfactorily throughout its life. Figure 6.6 shows wood 

material being inserted in the FRP for extra strength for heat exchanger model 

ICER1 B0900 as these devices are designed for operating life up to 25 years. 

Proper safety factors should be taken into account to take care of uncertainties in terms 

of material characteristics as well as imperfections deriving from assumptions in 

calculations, manufacturing processes and aging of the material. In this case the loading 

is a static loading for a long duration of time. Some appropriate measures are taken in 

the manufacturing stages for protection against the outdoor environment, UV 

protection, corrosion resistance as well as further reinforcement using wood. 

Appropriate consultation was conducted with the industry manufacturing the housing 

shown in Figure 6.6 and a factor of safety of 10 percent is allowed. This factor was 

applied to the thickness which increased it to 6.3 mm. This thickness of fibreglass was 

considered to be adequate by the manufacturing company (FICOM Pty Ltd.). The 

company manufactures the housing in this thickness range for various other models. 

6.10 Characteristics of Laminates 

To determine the thickness of each laminate, the weight of the mat and a resin to glass 

ratio is required. The weight of the reinforcement is expressed in glm2 and thickness in 

millimetres. This is unlike conventional materials such as metals. In composite design 

it is necessary to determine the amount and type of fibre to be used. The designer may 

know the thickness (as in this case from the design requirements and strength analysis). 

The next step is how much material must be used to achieve it. This is a very specific 

aspect of design that requires experience. In this section it is derived from concepts and 

equations. The reinforcement strand consists of hundreds (about 200) of individual 

strands to nlake up a single fibre. These fibres are then formed into different weights 

usually expressed in glm2
. A range of thicknesses are available depending upon the 

weight of the tnaterial. These are provided in the form of rolls of certain lengths. In 

order to define the laminate (fibre - matrix) the following terms are defined: 
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6.10.1 Fibre Mass Fraction 

Fibre mass fraction is defined as (Gay, Hoa et al. 2003) 

M = Mass of fibres 
f Total Mass 

(6.1) 

The mass of matrix is (Gay, Hoa et al. 2003) 

M = Mass of matrix 
m Total Mass 

(6.2) 

The mass of fibre and matrix is the major constituent in FRP composites with a small 

amount of filler, catalyst and other additives. Thus we can write: 

6.10.2 Fibre Volume Fraction 

Fibre volume fraction is defined as (Gay, Hoa et al. 2003) 

v . _ Volume of fibre 
f - Total Volume 

Volume of matrix is given as 

Volume of matrix 
Vm = 

Total Volume 

Neglecting voids, cavity and air entrapment, 

(6.3) 

(6.4) 

(6.5) 

(6.6) 

If the density of the fibre and matrix is kno\vn then volume fTaction and mass fraction 

can be expressed as 

170 



Mf 

V = Pf 
f M M _ f+_m 

Pf Pm 

Or, 

6.10.3 Mass Density of Ply 

The mass density of a ply can be calculated as 

Total mass 
p=------

Total Volume 

mass of fibre mass of matrix 
p= + 

Total Volume Total Volume 

6.10.4 Laminate Thickness 

(6.7) 

(6.8) 

(6 .9) 

(6.10) 

(6.11) 

The laminate thickness is defined as the ratio of fibre weight (expressed in grams per 

area) to the density of the composite material (Quinn 1999). Laminate thickness is 

denoted by (tL): 

(6.12) 

mof- is the fibre weight (glm2
) obtained from the product directory and depends on the 

type of fibre. Typically for chopped strand mat powder bound, the fibre weight ranges 

fro In 300 glm2 to 600 g/m2 and for emulsion bound it varies from 150glm2 to 900g/m2 

(SaintGobain 2005). 
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6.10.5 Thickness Calculation and Material Selection 

For strength requirements, the thickness is 6.3 mm with a 10 percent safety factor 

included. For this particular case, the following materials are selected which meet the 

design requirements. 

• The outer layers with chopped strand mat (E-glass type) compatible with 

polyester resin (Isophthalic) 

• Core with V-Pica Mat, which is woven in continuous strands and is light weight 

with high mechanical properties along with good insulating as well as providing 

sound isolation for noise considerations. The insulating properties are desirable 

because this minimises the effect of external influence on the heat transfer 

process. Also heat loss from the system will be minimised thereby providing 

improved effectiveness. This also helps to reduce the effect of noise due to the 

pump and fan being in a casing. 

Calculation for thickness IS an iterative process until the desired combination of 

materials is achjeved to satisfy thickness requirements. The following material 

properties are used to calculate the thickness (Gay, Hoa et al. 2003). 

The density of E- Glass for general purpose application Cpr) = 2600kg/m3 (= 2.6g/cm3
) 

The density of polyester resin (Pm) = 1200 kg/m3 (=1.2g1cm3
) 

Density of U - PICA Mat (PU-Pica) = 0.045g/cm3 (SaintGobain 2005). 

The resin to glass ratio by mass is defined by (AS4132.3 1993): 

• For chopped strand mat resin to glass the ratio is 2.75 to 1.25. 

• For woven cloth resin to glass the ratio is 1.5 to 0.75. 

The typical value for resin to glass ratio is normally taken as 2: 1 (Cranitch 2005). 

V sing equation 6.12 the thickness for fibre weight 600 g/m2 chopped strand mat is: 

t = 600 [_1_+_1 x(~)] = 1.23mm 
L 1000 2.6 1.2 1 
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This will be the outer two layers and give a total of 2.46 mm thickness. The core 

material is U-Pica Mat. The material properties for this mat are provided in 

SaintGobain (2005). For this the resin to glass ratio is taken as 1.2: 1 (AS4132.3 1993) 

and using the equation 6.12 the thickness for fibre weight of 160g/m2 mat is: 

t =-- --+-x - =4.16mm 160 [1 1 (1.2)] 
L 1000 0.04 1.2 1 

Thus the total thickness with this combination results in 6.62 mm (2.46 + 4.16), which 

satisfies the thickness requirements of 6.3 mm. 

In this application corrosion as well as chemical resistance is of primary importance. In 

such cases the laminate sequence is based on ASTM C581/582 standard practice 

(ASHLAND Speciality Chemical Company 2005). In general fabrication begins with 

the surface that will be exposed to the corrosive environment. A resin rich layer usually 

known as gelcoat is applied followed by chopped strand mat. In some cases a surfacing 

veil is used followed by chopped strand mat. To obtain the desired thickness woven 

fabric (U Pica Mat) or a similar type of fabric is then used which forms the main· 

structural part of the laminates. A final wax top coat or flowcoat is then applied to the 

outer portion to prevent air entraprnent. 

6.11 Quantity Determination 

For composite manufacturing it is essential to estimate the amount of fibres, resin and 

gel coat or flowcoat required as composite processing is different to metal processing. 

The following steps in procedure are presented for estimating the material requirements 

for FRP fabrication. Most of the fabrication technique for FRP is expressed in terms of 

surface area rather than volume so the method for determining quantities is based on the 

simple geometrical relations of the mould. Market and material research carried out 

during the course of study suggested that the quantity of resins, fibres, and catalyst are 

specified in terms of surface area. Thus the following procedure illustrates the 

estimation of the amount of resin, fibre and gelcoat for composite processing. Simple 

geometrical relations are used and these are translated to FRP laminate properties and 
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estimates for the required materials. This is a simple tool to assist In quantity 

determination. The procedure is outlined below: 

1. Calculate surface area of Mould - Step 1 

Simple geometrical relations are used to calculate the mould area depending on the 

mould shape. Mould shape determines the specific part to be produced and following 

are the commonly encountered simple mould shapes: 

1. Rectangle: Length(l) x Width ( w) 

2. Triangle: 0.5 x Base(l) x Height(h) 

3. Circle: 7r x radius(r2) 

4. Cylinder: 2 x 7r x radius(r) x height(h) + 2 x 7r x radius(r2) 

5. Sphere: 4 x 7r x radius(r2) 

6. Cone with open end: 7r x radius(r){r2 + h2}oc5 

This is the simple geometry that is normally encountered in fabrication. However there 

are complex shapes and curves. For these complex curves, the area of the mould should 

be based on the measurement of each dimension and the calculations for each part. 

Finally the areas of each section n1ust be added together to give the total surface area. 

2. Calculate Mass of Gelcoat - Step 2 

Mass of gelcoat required in grams (g) without considering wastage. 

= Surface area (m 2) X cov erage(g / m 2 ) (6.13) 

Adding the amount of wastage takes account of the gelcoat left on the brush, container 

and in equipment such as spray nozzles. In this theoretical analysis wastage is not 

considered, but wastage represents a considerable portion of material consumption in 

FRP manufacturing. Typical coverage rates for Ortho and Iso NPG gelcoat is listed in 

the Table 6.1 (Holden 2005) : 
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Table 6.1: Typical Coverage of Gelcoat 

Gelcoat Type Wet Film Thickness (mm) Coverage (g/mz) Volume Use (ml/L) 

Ortho 0.38 - 0.5 690 - 910 1.5 - 2.0 

Iso NPG 0.55 - 0.64 870 - 1100 1.15 - 1.50 

The gelcoat datasheet provides usage in m2/L. To convert this to coverage in g/m2 use 

Equation 6.14: 

C ( / 2) gel cote density(g / L) overage g m = 2 
Volume usage(m / L) 

3. Calculate Mass of Flowcoat - Step 3 

Mass of flowcoat required in grams (g) 

= Surface area(m2) x coverage(g / m2) 

The method of calculating flowcoat is similar to gelcoat. 

Mass of flow coat in grams (g) 

= Surface area( m 2 ) X cov erage(g / m 2 ) 

4. Determination of Glass to Resin Ratio - Step 4 

(6.14) 

(6.15) 

(6.16) 

The determination of resin to glass ratio is from the manufacturer's recommendations 

for particular types of glass and for particular types of resin. In general, for most 

applications that resemble boats and ship design the resin to glass ratio can be based on 

AS41323 (1993). For chopped strand mat the glass content (percent) by mass typically 

varies from 25 percent to 45 percent. The resin to glass ratio is critical for determining 

the strength of the finished component. Generally, fibre content is increased if more 

strength is required. In some applications additional carbon fibres are added as extra 

reinforcement to further increase the strength of the composites. For woven roving the 

glass content is about 50 to 60 percent and for filament wound roving the glass content 

varies from 65 to 80 percent. Table 6.2 illustrates the resin to glass ratio by mass for the 

different fibre contents of chopped strand mat (Holden 2005). 
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Table 6.2: Fibre Content and Resin to Glass Ratio 

Reinforcement Type Glass content (% by mass) Resin to Glass ratio (by mass) 

25 3.0:1 

30 2.3:1 

Chopped Strand Mat 35 1.9: 1 

40 1.5: 1 

45 1.2: 1 

5. Determination of Mass of Reinforcement - Step 5 

In determining the mass of reinforcement, the number of layers required to provide the 

necessary strength must first be calculated. The lay-up schedule will also determine 

what fibre density to use, such as: 300glm2 or 450glm2 or 600glm2 etc. The details of 

calculations for strength are c~vered in section 6.9. The mass of reinforcement is 

calculated from the following relation: 

Mass of composite(g) = Total mass per unit area(g / m2)x Surface area(m2) (6.16) 

6. Determination of Mass of Resin - Step 6 

This depends on the resin to fibre ratio. If the total mass of the reinforcement or 

cOlnposite is known then simply multiplying the resin to glass ratio from Table 6.2 will 

give the mass of the resin. 

Mass of resin(g) = Resin to glass ratio x Mass of reinf rocement(g) (6.17) 

For some resins such as epoxies hardeners are required that is also a type of resin. The 

addition of hardener is necessary due to the additional reaction that epoxies undergo 

during curing. This requires very accurate mixing otherwise the quality of the finished 

product will be affected. Therefore, the total mass of mixed resin is made up of 

different parts and the ratio of these different parts should be given by the supplier to 

calculate the total mass of the resin. 

7. Determination of Mass of Catalyst - Step 7 

To determine the quantity of catalyst for a particular resin system the data sheet should 

be checked. The atnount of catalyst depends on the temperature and the gel time 
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required as well as the resin type and the catalyst type. In general the minimum catalyst 

is in the range of 1 to 2.5 percent based on the mass of the resin. 

For polyester resin the most common type of catalyst is Methyl Ethyl Ketone Peroxide 

(MEKP) a type of organic oxide which is a powerful oxidising agent. The 

recommended temperature range for the application is more than 15 to 35°C. The data 

sheet for MEKP does not recommend its use below or at 15°C and above 35°C. 

Depending on the temperature and the amount of catalyst the curing time varies greatly. 

Generally at higher temperatures and with higher catalyst content the curing time is 

faster. With a lower temperature and lower catalyst content curing time is slower. In 

general at lower temperatures a lower percentage of catalyst is recommended. 

~ I ,I' I () Mass of Resinx % of Catalyst lVlass OJ cata yst g = ---'-------'-----
100 

(6.18) 

Note: For gelcoat the recommended lower temperature is more than or equal to 16°C 

and the higher temperature is up to 30°C. The percentage of catalyst (MEKP) is 

between 1.5 to 2.5 percent. If the ambient conditions are hot and humid then tropical 

grade gel coat may be required. 

These basic equations provide some guidelines to estimate the required Inaterial for "x" 

quantity to be produced for volume production. In general this provides a model for 

fibreglass. However the model would be different for metals. However the general 

principle for material determination depends on the size of the moulds and shape and 

size of the product to be manufactured. Regardless of the material selection the 

determination of quantity presented here provides a guideline for estimating material 

requirements. 

This is the first step in estimating the quantity of material needed for production 

processes. Appendix 9 presents the estimation of material requirements for fabricating 

the housing of the heat exchanger assembly using the method presented above for 

quantity determination. The economic aspects of quantity production are separately 

treated in chapter 7. 
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6.12 Manufacturing Process 

Each material has its own unique mechanical, chemical, physical and processIng 

properties; as a result suitable manufacturing techniques should be studied to transform 

raw materials into a finished form. These transformation methods are, in general, the 

manufacturing processes. The general structure of the manufacturing process can be 

represented by the model proposed by Pahl and Beitz (2005) and a similar model is also 

proposed by Alting (1994). The basic structure of these models is fundamentally the 

same. The transformation basically takes place in material, energy and information 

(signal). One method of material transformation may be an effective choice depending 

upon material properties, but it may not be effective for other materials. 

In the case of composites, machining is uncomn10n. However, for metal finishing 

machining is essential. Composites are processed at a relatively lower teInperature than 

metals and are thus relatively easier and cheaper compared to metal processing. Metal 

processing uses processes such as extrusion, casting or forming due to low energy 

requirements. A composite production technique utilises various types of raw materials 

such as fibres, resins, catalysts, promoters, inhibitors etc for the fabrication of a part. 

Thus, composite manufacturing presents a huge challenge in selecting the appropriate 

manufacturing process. In general, the selection of a process depends on the production 

rate required to fulfil the market need, cost of production, the size and shape that can be 

processed and the performance of the finished part. 

A case study with fibreglass is illustrated because fibreglass has desirable properties 

compared to metals in terms of its ability to withstand corrosion resistance in the 

presence of water and humid air. Fibreglass is also relatively light compared with 

metals so the total weight of the entire heat exchanger assembly is minimised. 

Fibreglass is approximately 7 times lighter than steel and about 3 times lighter than 

aluminium for the equivalent strength (Mazumdar 2002). Fibreglass as a heat 

exchanger housing also acts as a noise attenuator compared to a metal casing. Thus the 

case study with fabrication techniques is investigated with FRP. 
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6.12.1 Classification of Composite Processing 

Composite processing techniques are quite different to metal processing. The overall 

manufacturing process for composites is divided into four major steps (Mazumdar 

2002): 

• Forming 

• Machining 

• Joining and Assembly 

• Finishing 

It is not necessary that all these operations are carried out. Composite sometimes does 

not require machining. Depending on the manufacturing process a suitable raw material 

is chosen and laid on the tool/mould. Then heat and pressure are applied to transform 

the raw material into the finished shape. The type of tools required depends on the 

manufacturing process. Hand lay-up process uses an open mould and uses rollers and 

cutters as essential tools. RTM uses a closed mould for the desired shape where heat 

and pressure are applied. The manufacturing processes applied in composite processing 

in the following section focus mainly on hand lay-up, spray-up and RTM, rotational 

Moulding and thermoforming for the heat exchanger. 

The current state of the art in the technology for manufacturing of the housing is hand 

lay-up technique. A partly automated technique such as spray-up and a fully automated 

process of RTM is also presented for comparison as a way to open up a new avenue for 

volume production. The aim of the proposed method is to reduce the time cycle or 

improve production rate so that the cost of the equipment can be reduced. 

The following steps show the process of FRP manufacturing. Before beginning this 

process a test piece is cut into the required size and the required amount of resin mix is 

properly formulated. It should be noted that the catalyst should not be added to the resin 

until everything is ready for laminating (ASHLAND Speciality Chemical Company 

2005). 
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• Surface preparation, is carried out by spreading a release film (wax) on the 

mould surface. 

• Resin is catalysed to achieve the desired resin to glass ratio and some resin is 

poured to release the film and spread on the whole mould surface. Then the 

surface veil is applied to the resin rich layer 

• Thoroughly wet out the surfacing veil with a proper roller. The rolling process 

should be carried out from centre to edge which will push the air bubbles out of 

the laminate. This process is shown in Figure 6.7. 

Figure 6.7: Rolling Out a Laminate 

• Apply additional resin if necessary and ensure all air bubbles are removed before 

applying another glass layer. 

• Place chopped strand as required and wet out thoroughly 

• Apply additional mat of woven fabric or chopped strand mat as required to 

obtain the desired thickness. The roll out process is similar to step 3 . Woven 

roving is more difficult to wet out than veil or chopped strand mat and therefore 

additional resin and rolling may be required. 

• Apply the final layer of resin after the desired thickness is achieved and allow 

thorough curing in each successive step. This is for room temperature curing. 

Sometimes post curing is carried out to ensure an optimum cure has been 

achieved. 

• Post curing temperature affects the glass transition temperature of a reSIn. 

Ideall y a laminate should be post cured for two hours at a teinperature above the 
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heat of deflection of the resin. The typical post curing temperature for polyester 

resin is about 100 to 150°C (ASHLAND Speciality Chemical Company 2005). 

6.12.2 Hand Lay-Up Technique 

Hand lay-up is the simplest method of processing composites of relatively larger sizes 

as there are no size limitations. This technique is frequently applied by boat and pool 

manufacturers. Hand lay-up can be used on either male or female moulds. The mould 

surface should be smooth and can be made from wood with a hard surface, metals 

(stainless steel or aluminium) or even plastics (Harper 1992). Figure 6.8 shows a flat 

table surface as a mould in FRP manufacturing using the hand lay-up technique. 

Figure 6.8: Using Flat Table Surface as a Mould (Source: FICOM) 

Both the male and female moulds are applied with some release agent such as wax or 

film forming polyvinyl alcohol (PV A) for easy release after curing. This process uses a 

room temperature curing system where premixed catalysed resin is applied to the 

surface of a mould and fibre glass, usually a surfacing veil and chopped strand mat, is 

placed onto the resin. The first resin rich layer is called a gelcoat and is either sprayed 

on using a spray gun or applied to the mould surface using a brush. 

This gelcoat provides good surface quality and colouring. When the gelcoat has 

hardened a skin coat is applied for improved corrosion and chemical resistance. A skin 
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coat is a surfacing veil which prevents fibres proj lecting through the surface. After the 

skin coat is cured, the structural laminates are applied. The resin is spread on the fibre 

surface using a roller which helps to saturate the fibre with resin. The rolling action 

also removes any air bubbles entrapped in the fibre glass. More resin is applied and 

fibre-glass layers are added to build up structural layers for strength. This process is 

schematically demonstrated in Figure 6.9. 

Resin and Surface Veil 

Mould 

Figure 6.9: Schematics of Hand Lay ~ Up Process 

This method of making FRP products is simple, less expensive, and easy to perform 

with any fibre combination and orientation. An experienced person is required to make 

high quality parts with the proposed properties as the laminate produced by this method 

contains more resin and thus the chances of void formation are increased. Careful 

attention is required at all stages of manufacturing to meet the required properties. 

Uniformity of thickness is also dependent on the skill and patience of the worker as this 

is a more labour intensive process. 

The other limitation of this technique is that only one smooth surface finish can be 

achieved depending on the male and female mould used. The overall process cycle time 

is governed by the size of the components as well as the resin formulation used. If 

multi layered laminate or thick laminate is to be made then the wall thickness must be 

built up in stages to allow the exothennic reaction of resin and catalyst to take place 

without overheating. 
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The heat exchanger internal housing using the above method of hand lay-up technique 

is shown in Figure 6.10. 

Figure 6.10: Semi Finished Product Using Hand lay--up Technique, DICER with Fan and Heat 
Exchanger Assembly (Source: FICOM) 

Quality control in this technique is difficult and dependent on skill. However this 

process remains important for low volume production although emission regulations 

may eventually force the manufacturer to select a close Moulding technique such as 

Resin Transfer Moulding (RTM) rather than an open Moulding technique. 

6.12.3 Spray-Up Technique 

Spray-up is essentially similar to hand lay-up except that catalysed resin and chopped 

glass rovings are sprayed simultaneously using a special gun. After spraying resin and 

fibre to the desired thickness a roller is applied to strengthen the bonding between 

matrix and fibre. This is used commercially where high production rates are required 

although the quality and uniformity of the thickness still depends on the skill of the 

operator. The spray-up and hand lay- up techniques are used for simply shaped parts or 

those relatively larger in size. The spray-up process is shown in Figure 6.11. 
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Figure 6.11: Spray-up Technique (Source Huntsman Composites) 

It is faster process and less labour intensive than the hand lay-up technique. This 

spray-up process has several drawbacks such as the possibility of more air entrapment, 

greater difficulty in controlling the thickness, or the resin to glass ratio. The spray-up 

process is a room temperature curing process where continuous strand roving combined 

with catalysed resin is fed through a chopper gun and sprayed onto a mould surface. 

Figure 6.12 schematically illustrates the spray- up process in detail. 

Mould 

Resin Fabric Catalyst 

Figure 6.12: Schematic (Of Spray-Up Technique 
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In this system two containers are used which contain resin and catalyst. The resin and 

catalyst are drawn and mixed during the spray-up process along with continuous 

rovings and are chopped with a chopper before being sprayed into the mould surface. 

The gun mixing provides thorough mixing of resin and catalyst together with the fibre. 

In the spray-up process the build up of thickness is proportional to the spraying pattern. 

To achieve an even surface and control the thickness a roller may be used to ensure 

good wetting and remove any entrapped air during the spray-up process. 

Fabric layers or continuous strand mats are added into the laminate depending on the 

performance part required. The normal curing time is 2 to 4 hours at room temperature 

depending on the resin formulation (ASHLAND Speciality Chemical Company 2005). 

Raw Materials and Tooling Requirements 

Woven fabrics of glass, generally E-g]ass, are the dominant common materials for this 

type of application. Polyester resin (general purpose application), an isophthalic type 

with a surfacing veil is selected for better corrosion resistance and the ability to 

withstand weather; chopped strand mat and woven fabric are used. The roving is 

chopped in case of spray-up application. 

The mould design for hand lay-up or spray-up is simple compared to other 

manufacturing processes. This process only has a room tenlperature requirement with 

low pressure (atmospheric) to cure. The mould is made by taking the reverse of the 

male pattern. In the heat exchanger housing, 4 side panels, a base plate and top plate 

with spigots for air inlet and outlet are required. Thus, the mould surface can be a flat 

table surface or relatively simple shape as shown in Figure 6.8 and 6.9. The only 

complicated aspect is the fan housing which can be nlanufactured for quantity using 

rotational Moulding. Other tools used in hand lay--up and spray-up applications are 

dIfferent type of rollers, brushes, scissors and relatively simple cutting tools. 

Both hand lay-up and spray-up techniques are carried out at room temperature and the 

resin is left at this temperature to cure depending on the resin chemistry. The curing 

time can be reduced by blowing hot air on the laminate surface and pressure can be 

applied using rollers during lamination. In the curing process there is no pressure 

involved but sometimes a vacuum bagging techniq ue can be used to create good 
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bonding between laminate layers as well as to remove entrapped air. Post curing of an 

entire assembly is done to improve the perfonnance of the parts. 

6.12.4 Rotational Moulding 

Rotational Moulding is a simultaneous rotation of the mould around two axes 

perpendicular to each other. The rotational action distributes the material (resin and 

fibre mix) in the mould layer covering the inside of the mould. The thickness of the 

layer is determined by the amount of material fed into the mould. This Moulding 

technique can be used to produce the small intricate parts required for production of 

large components. In the case of the DICER, the fan housing can be produced in large 

quantities using this alternative method to replace the hand lay-up technique. 

Rotational Moulding is a closed Moulding technique which reduces emissions 

especially styrene in case ofFRP production. A good surface finish and low cost can be 

achieved compared with spray-up and hand lay-up techniques CAlting 1994}. 

Rotational Moulding has some similarities to centrifugal casting, but it also has some 

distinctive differences such as: magnitude of rotation and the direction of the material 

flow. In centrifugal casting the material is forced to flow in a radial direction and high 

rotational speeds are therefore involved. The product developed by the Davis Energy 

Group utilizes the rotationally Moulded cabinet design for heat exchanger housing 

(Bourne 2004). However the DICER system housing is manufactured by hand lay-up 

technique which is more time consuming compared to rotationally Moulding cabinet 

design. In this manufacturing study a different method called Resin Transfer Moulding 

(R TM) is studied in detail and the differences in cost are compared with the hand lay -

up technique and the published data of the final cost of rotational moulding indirect 

system is compared. The cost comparison between published cost data-of rotational 

mounding and the manufacturing method investigated here is presented in Chapter 7 

section 7.5. 

Tooling and Materials 

The initial investment for mould and the necessary manufacturing equipment are 

relatively low. As rotational Moulding is conducted under low pressure the moulds are 

inexpensive and difficulties in tooling are reduced. This results in low production cost 
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as well as initial investment. The material for rotational moulding must be in powder 

fonn similar to that used in the spray-up technique. The resin and catalyst are mixed in 

the mould and then unifonnly rotated until fully cured. The mould may be heated for 

faster production. One of the limitations of rotational moulding is the need to have 

stiffeners such as ribs or insets as stiffeners to provide reinforcement. Extra attention 

must therefore be paid in the design of parts for structural rigidity and strength 

requirements. 

6.12.5 Resin Transfer Moulding (RTM) 

Resin transfer moulding is a mechanical process using a closed mould system. Catalyst 

and resin are pumped in under pressure from two separate containers into a closed 

mould containing glass reinforcement which is usually a continuous strand mat. 

The resin is pumped into the mould until excess resin escapes through vents placed at 

the top side of the male pattern. These vents release air to aid good resin flow and to 

avoid dry spots due to improper wet out. Dry spots are the greatest challenge for R TM 

processes (Mazumdar 2002). The systen1 is then allowed to cure for a specified tim.e 

after which the tTIould is open and the part is removed. 

Although injection tTIoulding is the preferred method for high volume production the 

application is limited to short fibre composites. RTM Inoulding offers production of 

cost effective parts using long fibres at relatively low cost for tooling and the process is 

ideal for medium volume production (Mazumdar 2002). RTM offers fabrication of a 

near to exact shape of parts with controlled fibre directions. This eliminates machining 

operations and unifonn thickness of the part can be achieved. 

The process of RTM is illustrated in Figure 6.13 where the fibre is placed in the mould 

cavity. A movable matching upper half to the mould is then clamped onto the lower 

cavity mould. After the mould is closed a mixture of resin and catalyst is pumped into 

the cavity through single or multiple ports depending on the shape, size and complexity 

of the component. The cores and various inserts are inserted into the dry fibreglass as 

required. The insertion of core material is mainly for strength. The curing time is 
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typically 6 to 30 minutes depending on the resin chemistry and after curing the mould is 

opened and the part is removed (Mazumdar 2002). 

Catalyst Resin 

Figure 6.13: RTM Process, Source: (JHM Technologies 2006) 

The main issues in RTM processes are resin flow and precise Inixing of the catalyst in 

the mixing chamber, as well as curing and heat transfer in porous media. The process 

invo I yes pressure and the mould can be heated for faster curing thus eliminating post 

curing. The injection pressure helps the resin flow inside the mould and allows the 

resin to fill the cavity. The injection pressure range is typically 69 to 690 kPa and 

during curing the pressure is kept in the range 14 to 69 kPa (Mazumdar 2002). 

RTM eliminates the shortcomings of open moulding processes where only one side of 

the part can be produced with a smooth surface finish. The other advantage is the 

reduction of styrene emissions and operator safety in handling the chemicals. Better 

quality control can be exercised as the finished parts are not directly associated with 

operator skills as R TM is a more automated process. 

Tooling 

RTM utilises lo\v cost tooling compared to injection moulding and compreSSIon 

moulding. RTM is a low pressure system whereas injection and compression moulding 
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involve high pressure. Due to the large pressure tooling needs to be stronger and 

heavier. The low tooling cost also lowers the initial investment for a production run. 

The mould for RTM is made from aluminium and steel and is generally made in two 

halves with a resin injection port as well as a vent for air and a resin outlet. The wall 

thickness of the mould should be sufficient to withstand the pressure exerted during 

processing. A comparison of RTM with other moulding process is presented in table 

6.3 (Mazumdar 2002) 

Table 6.3 Cycle Time and Production Rate, Source: (Mazumdar 2002) 

Moulding Processes Production RatefY ear Cycle time (min) 

RTM 200 - 10000 6 - 30 

Hand Lay- up and Spray up 100 - 500 60 - 180 

6.12.6 Thermoforming 

Thermoforming is specifically used for thermoplastics sheets. This is the method used 

in making the cross-flow heat exchanger for the DICER. The heat exchanger is heat 

sealed at opposite edges to form a cross-flow pattern which separates the primary air 

from the secondary air. A heat exchanger manufactured using such a method is shown 

in Figure 6.14. 

Figure 6.14: Heat Seal of Cross-flow Heat Exchanger 

The plastic sheets are heated between two jaws (clamps) until they are softened and then 

pressure is applied for a certain period of time to ensure adequate bonding is achieved at 
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the melted surface. The pressure causes a merger of the molecules at the heated surface. 

After the bond is established the clamps are removed and the sheets are cooled by 

blowing cold air or they can be left open to the air. These three variables temperature, 

pressure, and time are controlled to achieve a good seal between the heat sealed 

surfaces. Each person will have a different pressure and time for a given temperature. 

The effect of pressure and time are controlled in such a way that if more pressure is 

used then less time is needed for bonding and vice-versa. 

Under exceSSIve temperature pressure will deform the plastic and eventually melt 

without forming a proper bond. On the other hand if the temperature is less the pressure 

used for bonding will not be adequate and the seal will not hold the plastic plates 

together. The most common plastics for thermoforming are polyethylene and vinyl 

(PVC). The temperature setting for polyethylene is about 121°C and for vinyls about 

185°C (Jambro 1940). In this study PVC is considered to be the preferred material for 

the heat exchanger. 

Deformation of the heat exchanger surface is also produced by thermoforming using the 

heated plates with cylindrical protuberances of 3.3 mtn in height. The heat exchanger 

plate surface is sho\vn in Figure 6.15. 

Figure 6.15: Heat Exchanger Plate Surface 
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There are other methods of joining plastics plates such as friction welding, ultrasonic 

welding, solvent welding, hot gas welding, adhesive bonding etc. All these fabricating 

methods are slow and for complex heat exchanger geometry they may not produce 

satisfactory results for volume production. The main difficulty lies in joining alternate 

plates at 90° to each other. 

The housing of the heat exchanger requires several considerations, from service life, 

strength, corrosion resistance, UV resistance if exposed to sunlight, and construction 

weight. The housing should also be a good insulator to reduce the effect of ambient 

conditions and minimise interference with the heat transfer characteristics. Thus, in the 

coming chapter 7 the production issues of housing this particular heat exchanger are 

investigated to make this product feasible for mass production by establishing a low 

cost and effective method of manufacture. 

State of Art of Thermoforming to Date 

Manufacturing techniques for heat exchangers are proprietary, that is they are developed 

by companies, and no systematic work has been published in the literature for 

comparing and analysing the different manufacturing processes. Most of the 

manufacturing techniques for heat exchangers are complicated due to the need to satisfy 

the required operations of the heat exchanger. The manufacturing of a heat exchanger 

requires specialised knowledge as far as production issues are concerned: The previous 

Inanufacturing methods used adhesives to join the plate, which resulted in 

unsatisfactory sealing along the edge of the heat exchanger (McNab and Heath 1981) 

(Norback 1978). 

These joining techniques (sealing along the edges) were later replaced by "inline" 

thermoforming which applies heat, pressure for a certain period of time along the edge 

thus creating a stronger seal which prevented leakage (McNab, 1990). Similar method 

of manufacturing is also adopted by other manufacturers such as the prototype 

developed by Davis Energy Group (Bourne 2004). Thus the stat of art in manufacturing 

the heat exchanger up to date is inline thennofonning which reduces the labour 

intensive process of applying adhesives along the edge of the plate. Furthermore there 

is a potential for further automation of the abrication process on a continuous basis 

reducing the time of assembly of plates together. 
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6.13 Conclusion 

This chapter describes the engtneenng materials and general manufacturing 

(fabrication) process. Detailed descriptions of polymers, composites as well as 

fabrication methods are presented. Th~ description is mainly based on the literature 

search, company visits and through structured interviews with the representatives of 

several composite manufacturing companies such as Huntsman Composites, 

SaintGobain and various other suppliers. 

A model for quantity determination of necessary materials is presented using fibreglass 

as the · preferred material for manufacturing the heat exchanger housing for the 

DICERJICER systems. This model is based on the simple geometrical relations of the 

mould size and shape and laminate properties. The choice of material is mainly due to 

its good insulating properties, acoustics, durability, light weight, corrosion resistance in 

the presence of water and ease of processing without sophisticated tools. 

The present state of the art in manufacturing methods used in the DICERJICER housing 

is also described and an improved high volume production fabrication technique is also 

proposed. In this case the recon1ll1ended Inethod is Resin Transfer Moulding (R TM) 

and its economic analysis over the existing method of hand lay-up technique is 

presented separately in Chapter 7 under Economics and Volume Production. 
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CHAPTER 7. ECONOMICS AND VOLUME PRODUCTION 

7.1 Introduction 

Successful completion of any project requires an evaluation of the major costs involved. 

Decision making on capital investment is of utmost importance in manufacturing and 

design operations for the technology being evaluated here. This chapter outlines the 

economic aspects and volume production of the housing for the PPHE. The overall 

objective is to estimate the capital cost, product cost in a realistic situation and to 

evaluate the profitability of alternative methods of manufacturing. The objective of the 

exercise is to assume a hypothetical situation to determine whether capital investment 

needs to be committed based on the cost projection for advanced manufacturing 

processes such as resin transfer moulding (R TM). 

The methodology of economic analysis summarised in this work focuses on the cost 

estimation for volume production. In this study, two major methods are studied to 

observe the effects of changes in the production scenario. The cost comparison of a wet 

lay-up technique and the fully automated technique called RTI\1 are presented. An 

estimate for the quantity of materials is determined depending on the maximum 

capability of the selected manufacturing method. The Inaterial requirelncnt is estimated 

using the quantity determination technique presented in Chapter 6 (Section 6.11). 

Variable and fixed costs are determ.ined as factors specifying the manufacturing cost for 

the product. In manufacturing processes there are methods that are suitable for low 

volume production as well as high volume production. Manufacturing processes such 

as hand lay-up and spray-up cannot be used for high volume production. To meet high 

demand for a particular product, processes such as resin transfer moulding (RTM) may 

be recommended. The rate of production is one of the determining factors in deciding 

processes that suit the market demand of the product. 

7.2 Cost Focus - Design for Affordability 

High production costs result in an overall increase in the price of parts. Factors that 

affect the cost are: cost of tooling, raw ll1ateri als, cost of space, labour, assembly and the 
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speed of production. Competition in terms of price has always been a major issue in 

product design and development. The affordability of a product dictates success or 

failure in the market. Therefore a reduction of the total cost of a product is vital to 

successful product development. The total cost of the product goes beyond the 

purchase price. The objective of cost reduction is to minimise the total cost of a suitable 

manufacturing method for optimum batch quantity. 

The cost reduction objective minimises all these costs. It is often claimed that the 

criterion of design optimisation is cheapness, and aspects such as quality, reliability, and 

product performance etc can be reduced to cost. In this regard total cost can be an 

indication of product quality (French 1998). 

In the past quality and performance were valued over cost. However in recent years 

there has been increased market competition in the air conditioning industry. As low 

cost systems have become available the trend has shifted towards design for 

affordability. Therefore the manufacturing cost and its accurate breakdown has become 

more important than ever before. Due to low cost driving the market the initial cost is 

emphasised more than the life cycle cost for products" In essence with cost optimisation 

the interrelated aspects of a product such as performance, materials, n1anufacturing, and 

economics are combined in one study and a sufficient case studies are presented for all 

the activities related to product development and its evaluation as a suitable method of 

air conditioning meeting the energy target through energy efficiency. 

Every organisation has its own approach to analysing the cost of its product, evaluating 

profitability and conducting an economic analysis of available alternatives. For a 

manufacturing company to evaluate economic feasibility \\lith various production 

techniques a revenue requirement method is the most appropriate as this leads 

ultimately to the cost of the product in relation to investment, production, and market 

demand. Using this approach the cost can be calculated through the following four 

steps (Bejan, Tsatsaronis et al. 1996) 

1. Estinlate the total capital investment. 

2. Determination of the economic, financial, operating and market input parameters 

for detailed cost calculation. 
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3. Calculation of total revenue requirement. 

4. Calculation of levelised product cost. 

7.3 Product Cost Breakdown and Estimation of Total Capital 

Investment ~ A Case Study Using FRP Technology 

The capital investment is a once-off investment and is therefore a fixed cost. The 

capital required to buy and build necessary facilities, install and set up equipment is 

called fixed capital investment. The total capital investment is the sum of the fixed 

capital investment and other expenses. Figure 7.1 details the breakdown of total capital 

investment and the items for investigation in an estimation of total capital investment 

(Bejan, Tsatsaronis et al. 1996). 

IT otal Cap ital Investment I 
1 

! ! 
fixed Cap ital Investmentl I Other Outlays I 

! 
: Direct Costs (D C) I • Start up cost 

! • Working capital 

Purchas ed equip ment cost • Cost of licensing, research • and development 
• Equipm ent Installation • All owanc e for funds us ed • Piping during construction 
• Instnunentati on and control 
• Electrical equip ment and 

materials 
• Cost of land 
~ C ivi!, Structural work 
l- S ervic es facilities 

! Indirect Cost (I C) I 
! 

~ Engin eering and sup ervis ion 
~ Construction cost inc1udin g 

contractors cost and pro fit 
I- C onting encies 

Figure 7.1: Breakdown of Total Capital Investment 
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The detailed breakdown can be summarised by equation 7.1. The total cost of the 

product can be reduced by reducing direct cost, indirect cost and other outlays. Figure 

7.1 illustrates a detailed cost breakdown which identifies the individual cost drivers. 

These should be examined and assessed in respect to satisfying the design 

economicall y. 

Tel = De + Ie + 00 = FeI + 00 (7.1) 

7.3.1 Estimation of Fixed Cost (FC) 

These are estimated primarily on experience but in order to authenticate the estimation 

process a method of cost breakdown presented by Bejan, Tsatsaronis et a1. (1996) is 

adopted and shown in Table 7.1. Other outlays consist of start-up costs, working capital, 

cost of licensing, research and development, and allowance for funds used during 

construction. This aspect of the cost estimate is not considered in this analysis. 

Table 7.1: Cost Breakdown Structure for Fixed Capital Investment 
,..--. ------

Fixed Cost - Direct Cost 4W/O" of Cost 

1 Purchase equipment cost (PEC) 15 - 40% ofFCI 
""----------------

2 Installation 20 - 90% ofPEC or 6 - 14% ofFCI 

3 Piping (solids, liquids and gas) 10 - 70% ofPEC or 3 - 20% ofFCI 

4 Instrumentation and control 6 - 40% ofPEC or 2 - 8% ofFCI 

5 Electrical equipment and materials 10 --15% ofPEC or 2 -10% ofFCI 

6 Land 0 - 10% ofPEC or 0 - 2% ofFCI 

7 Civil structure and architectural work 15 - 90% ofPEC or 5 -- 23% ofFCI 

8 Service facilities 30 - 100% ofPEC or 8 -20% ofFCI 

Fixed Cost - Indirect Cost 

9 Engineering and supervision 25 -75% ofPEC or 8 - 20% ofFCI 

10 Construction and contractor's profit 15% of DC or 6 - 22% ofFCI 

11 Contingencies 8 - 25% ofIC item 1& 2 or 5 - 20% ofFCI 

Other Outlays (00) 

12 S tart up costs 5 - 12% ofFcr 

13 Working Capital 10 - 20% ofTCI 
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7.3.2 Variable Cost 

Variable costs are those costs that vary with the production volume on a day to day 

basis. Costs are directly related to fabricating or manufacturing processes. The variable 

costs depend on the number of parts produced and are consequently referred to as 

variable costs. Variable costs include the cost of materials (fibre, resin, catalyst, 

coating, fillers, release agents, cleaning solvents etc). The costs associated with 

manufacturing such as measuring, cutting, laying the fibre into the mould and applying 

resin into the fibre etc including supervision constitute the labour costs. When these 

fixed and variable costs are included, the product can be represented by total cost 

depending on the volume produced. The variable cost of materials and labour is 

estimated for composite fabrication (heat exchanger housing) in this study. A 

comparison is also presented for different manufacturing techniques. Using the cost 

breakdown structure presented in Table 7.1 the total fixed capital investment for hand 

lay-up, spray-up and R TM processes is determined. 

Cost of Materials 

The cost of materials is directly related to the quantity produced. The finished cost of 

the n1aterials can then be divided into the purchasing cost of materials including fibre, 

resin gelcoat, additives and fillers. Fibre materials are normally sold in rolls and resins 

in volume but for a cost modelling exercise cost per unit kg is used, The total mass of 

reinforcement is determined by the thickness required for strength. The required 

thickness is then used to establish the mass per unit area of the reinforcement. The 

surface of the mould may be rectangular, circular, spherical or other complex shapes. A 

fabrication process with sheet metals or fibreglass processes relies on a mould surface 

area to be filled by the material. The basis of cost modelling relies on the mass of the 

material which fills the given surface area when cost per unit mass of the material is 

known. Depending on each manufacturing process, whether sheet metals, fibreglass or 

casting process, the designer must be familiar with the norms of current practice in each 

process in order to achieve accurate analysis and judgement of the costing model. 

Regardless of the manufacturing process used, the material cost would be same for a 

specific size of a part. The cost of materials is expressed by Equation 7.2 and the cost 

per unit kg of fibre, resin, catalyst is presented in Appendix 7. 
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(7.2) 

Labour Cost 

Labour cost is deceptive and has a greater margin for error. Having detailed records on 

each and every component produced throughout the fabrication process is the only 

method of establishing an accurate estimate of labour cost. Detailed labour costs can be 

established by actually measuring the time spent on each fabrication job. Time is also 

generally spent on measuring, moving, and handling materials etc. In the absence of 

such information, labour cost is calculated on an hourly rate depending on the time 

cycle of the manufacturing process. Labour cost is given by Equation 7.3. 

(7.3) 

The accuracy of the overall estimate is at best -30 to +50 percent (Humphreys and 

Welhnan 1996). The machines or the manufacturing processes have their own 

limitations in terms of processing materials to finished products. In the absence of a 

detailed labour costing a breakdown of the time cycle of the fabricating process is taken 

as a reliable guide to estimate the labour cost. This is because each fabricating process 

has its own time cycle and labour is engaged throughout the time cycle of the 

fabricating process. The details of the labour cost estimation for each fabrication 

process are supplied in Appendix 8 

7.4 Production Cost Comparison 

To obtain cost competitiveness, all possible considerations should be given to reducing 

the cost of the product. This is one of the prime objectives of design for manufacturing 

(DFM) products without compromising performance and conformance with quality. In 

this manufacturing cost model the principal sources of product cost are derived from 

material, labour and fixed costs. These costs must be minimised to reduce the overall 

cost of production. 
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Cost estimating is essential in product design and development activity. In this chapter 

the hand lay-up, spray-up, and RTM process are considered and a companson IS 

presented. 

The literature on cost estimating techniques is very limited for evaluating product costs. 

This is due to the proprietary nature of cost information between various companies. 

Some of the cost estimating models reported in the literature are the ACCEM cost 

model and the First Order model. The First Order model was developed at MIT and is a 

purely theoretical model for estimating the processing time for fabrication of a 

composite part (Mazumdar 2002). A costing model more specifically relevant to 

traditional manufacturing processes such as casting, turning, and machining processes is 

discussed in detail by Pahl and Beitz (2005). For estimating the manufacturing cost of a 

housing, the following cost structure is proposed and all cost estimations for wet lay-up 

and RTM processes are based on this model as presented in Figure 7.2. 

~CostModel 

Figure 7.2: Manufacturing Cost Model for DICER System. 

A cost estimation for the fabrication process, particularly for fibreglass, is not widely 

researched. The input data is based on commercial quotations, interviews and estimates 

for specific materials or process equipment. The total cost is broken down for volume 

production as shown in Table 7.2. This section is specifically dedicated to 

manufacturing cost which includes material and labour. The costing considered here 

ignores wastage or scrap as this is a theoretical study to quantify the production costs. 
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In the absence of a detailed time breakdown for activities such as cutting, measuring, 

laying up, cleaning of tools and moulds for next cycle, labour cost is estimated based on 

the time cycle for each manufacturing process (See Appendix 8). The basis of this cost 

estimation is derived from the material specifications provided by the FRP 

manufacturer. The cost is based on weight ($/kg) but material specifications for design 

are based on weight per unit area coverage (g/m2
). This is typical for FRP as 

manufacturing is primarily based on the mould surface area (m2
) and various other 

ingredients such as resins, catalyst, fillers and additives, which are required as per the 

design guidelines. The following 3 steps simplify the cost modelling for FRP 

manufacturing. 

• All necessary ingredients are determined in kilograms or grams based on the 

material specification and design requirements. (presented in section 6.11) 

• Cost per unit weight is then obtained for different ingredients such as fibre, resin 

catalyst and their relative compositions as per design guidelines or 

manufacturers recommendations. 

• Total cost of material is then estirnated by knowledge of the quantity to be 

produced. 

A companson of manufacturing processes is also presented considering wet lay-up 

(both hand lay-up and spray-up) processes with resin transfer moulding (RTM). Both 

material and labour costs are taken into consideration depending on the time cycle of 

each manufacturing process. These models for estimating cost are intended to be used 

by manufacturing engineers. They compare suitability depending on the volume 

required for manufacture. In general, a wet lay-up process is ideally suited to low 

volume production whereas RTM is preferable for medium to high volume production. 

7.4.1 Wet Lay-up Cost Estimation 

The details and tooling requirements for wet lay-up (hand lay-up and spray-up) 

technique was described previously (Section 6.12.2, Page 183). Generally the process 

of wet lay-up consists of applying layers of fibres \vith resin in a mould. This is the 

manufacturing method adopted by FICOM (a heat exchanger manufacturing company). 

The fibre layers (chopped strand mat) of 600 g/m2 with a core layer of woven fabric of 
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160 g/m2 are applied. Finally the wooden frames (fillers) are inserted to provide added 

reinforcement. A detailed time study should be conducted to estimate an accurate 

labour cost for each operation. In the absence of such information the cycle time is used 

to evaluate labour cost. The cycle time varies between 60 to 180 minutes; an average 

value of 120 minutes is considered in the labour cost (Mazumdar 2002). The cost 

calculation is presented in Appendix 7 and Appendix 8. 

Cost of material = $688/unit or part 

Labour rate = $60/hr 

Labour hours = 2000 hrs/year (based on 8 hours/day and 2S0 working days in a year) 

Average cycle time of hand lay-up = 2 hrs 

Production rate = 100 - SOO units per year (A lower production is typical of hand lay-

up process and a higher range is typical of a spray-up process as a spray-up process is 

relatively less labour intensive compared with a hand lay-up process). 

7.4.2 RTM Cost 

The material cost for R TM would be same as a wet lay-up process. The difference in 

RTM process is the time cycle cOlnpared with a wet lay-up process. Thus higher 

volumes can be manufactured using R TM process. 

Cost of material = $688/unit or part 

Labour rate = $60/hr 

Labour hours = 2000 hrs/year (based on 8 hours/day and 2S0 working days in a year) 

Average cycle time of hand lay-up = 0.3 hrs 

Production rate = 200 - lO 000 units per year 

The total manufacturing cost is converted to equivalent Australian dollars from US 

dollars assuming a conversion factor of AU$l.O is equivalent to US$0.7S. The detailed 

cost estimates of both a wet lay-up process and RTM are shown in Table 7.2 (Quinn 

1999). 
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The total quantity (kilograms of material) for composite fabrication such as fibre, resin, 

catalyst, gelcoat and flowcoat etc required for this ICER 1 B0900 model is derived from 

the actual dimensions of the unit provided by the manufacturer (FICOM Pty Ltd). 

There may be some discrepancy in the actual amount of material because the design, 

wastage of raw materials and scrap generated due to cutting, trimming or grinding 

operations is not fully accounted for. However, based on a quantity determination 

model the materials required are estimated and details of the estimate are presented in 

Appendix 9. 

Table 7.2: Manufacturing Cost Estimates for the Wet lay-up and RTM Processes 

Cost Estimates - Fixed Cost (Direct Cost - DCl Wet Lay - Up Technique RTM 
1. Purchase Equipment Cost (PEC) (Quinn 1999) $665 $15960 
2. Installation (55% ofPEC) $366 $8778 
3. Piping (40% of PEC) $266 $6384 
4. Instrumentation and Control (23% ofPEC) $153 $3 671 
5. Electrical Equipments (12.5% ofPEC) $83 $1 995 
6. Land (5% ofPEC) $33 $798 
7. Civil Works (52.5% ofPEC) $349 $8379 
8. Service Facilities (65% ifPEC) $432 $10374 
Cost Estimates - Fixed Cost (Indirect Cost - Ie) 
9. Engineering and Supervision (50% ofPEC) $333 $7980 
10. Construction (15% of DC) $352 $8451 
11. Contingencies (16.5% of Item 9 and 10) $113 $2711 
Sum of All Fixed Cost (FC) $ 3412 $81897 
Cost Estimates - Variable Cost (VC) 

12. Material Cost per Unit (Appendix - 4) $718 $718 
13. Labour Cost per Unit (Appendix - 5) $120 $18 
Total Cost (Fixed Cost + Variable Cost) $4250 $82633 

Production is normally carried out in quantity and is referred to as batch production. 

The parts are manufactured in fixed quantities known as "batches". The optimum batch 

size depends is determined by various factors such as annual rate of production, total 

cost per unit, cost of inventory (storage), security, insurance, transport and handling etc. 

For accurate cost estimation, all these factors must be determined but often these factors 

are influenced by market movements and customer demand. In manufacturing, 

production of items is not carried out sequentially, one after another throughout the 

year, but items are produced in batches at one time so that several activities can be 

combined in keeping with the philosophy of concurrent engineering. The items stored 
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between production and demand serve as a buffer for the falling stock. The advantage 

of batch production is: 

• Better labour and machine utilisation. 

• Avoiding unacceptable time delays between order and shipment. 

Detailed cost estimation is carried out for a wet lay-up and RTM process. The cost per 

unit is estimated within the limitations of manufacturing process capabilities. Once the 

fabrication method is decided and detailed cost estimates are evaluated, including both 

the total fixed and variable cost, it then becomes possible to evaluate batch quantity to 

provide the minimum cost per unit of production. In this analysis the variable cost 

which rises uniformly at a constant value per unit and fixed cost per unit is denoted by a 

falling line at any quantity equal to the sum of the fixed cost divided by the unit of 

production (N) (Haslehurst 1981). 
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Figure 7.3: Hand Lay-Up process Cost vs. Quantity 

Figure 7.3 illustrates the batch quantity for the wet lay-up process using the cost 

analysis presented here. The point on the curve where total cost (TC) is minimum 

represents an economic batch quantity (Nb). For a wet lay-up process the minimum 

total cost is for one unit at a time which illustrates the fact that this process is ideal for 

low volume production and fabrication should be commenced as per order received one 

after another. The initial investment is very low and thus suitable for small businesses 

with a niche market. This process cannot cope with multiple orders as, due to the nature 

of production, there is a huge lead in time bet\veen order and product delivery. 

203 



On the other hand, for a R TM process the minimum production cost exists at 10 units 

per batch. The production cost for a RTM process is illustrated in Figure 7.4. This 

process is ideally suited for volume production and has the advantage of reduction in 

the product cost due to the lower manufacturing cost for a batch of, in this instance, 10 

at a time. This also provides a buffer between order and delivery. However, this process 

is not suitable for low volume production with limited sales. This is illustrated by the 

high initial investment (fixed cost). The cost versus quantity relationship for RTM is 

illustrated in Figure 7.4 where by choosing a slightly more automated process the 

production cost per unit can be greatly reduced from $4250 per unit in the current 

fabri~ating process (wet lay-up refer to Figure 7.3) to $1355 per unit. 
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Figure 7.4: RTM. Process Cost vs. Quantity 

7.5 Effect of Size on Cost and Fabricating Methods 

When all the cost data are available for all models or sizes the graph of cost versus 

equipment size or capacity shows a relationship in the given range. The slope of this 

line represents an important cost estimating parameter which is known as a scaling 

exponent. The scaling exponent is usually less than unity which means that the 

percentage increase or decrease in cost is smaller than the percentage increase or 

decrease in size. In the absence of other cost information an exponent value of 0.6 may 

be used and this approach is called the six tenths rule (Bejan, Tsatsaronis et al. 1996). 

The six tenths rule is given by Equation (7.4). 
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c = C (SxJse 
x k S 

k 
(7.4) 

U sing this six tenths rule the total fabricating cost for the wet lay-up technique and resin 

transfer moulding (R TM) is presented for different models of heat exchanger housing. 

This clearly demonstrates the opportunity for cost reduction in fabrication using a RTM 

process for high volume production. Thus, where a demand for this particular product 

exists, the manufacturer should consider using a high volume production technique 

rather than custom building using the wet lay-up technique. This relationship of the size 

of equipment, selection of fabricating method and opportunity of cost reduction using 

an appropriate fabricating technique, in this case RTM, is shown in Figure 7.5. 

However, RTM needs considerable initial capital investment and this method (RTM) 

would only be economically justified if the production quantity is in the range of 

thousands with a batch production of more than 10 units at a time in this case. The 

overall cost comparison is presented in Table 7.2 for both wet lay-up and RTM process. 
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Figure 7.5: Effect of Size on Cost and Fabricating l\lethod Selection for Cost Reduction. 

Apart from R TM and wet lay - up method of manufacturing the housing of a heat 

exchanger, Davis Energy Group (DEG) uses the rotational moulding method described 

in section 6.12.4. The aim of DEG is to develop a low cost, energy efficient two stage 

indirect- direct evaporative cooling system currently called "Gen 3 (short for 
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generation.3)" under the California Energy Commission's Public Interest Energy 

Research (PIER) program (Bourne 2004). 

The Gen 3 model has an air flow rate of 2000 CFM (= 944 Lis) at maximum speed 

which corresponds to maximum air flow, and this closely matches the ICERl200 model 

(flow rate of approximately 1000 Lis) manufactured by FICOM Pty. Ltd. The cost of 

manufacturing the housing using rotational moulding method (excluding the heat 

exchanger) is reported to be in the order of US$261.75 (Bourne 2004). This cost of 

rotational moulding in terms of equivalent Australian dollars is AU$349.0 (Consider 1 

AUD is equivalent to 0.75 USD, the cost are converted to 2003/2004 dollars to draw a 

similar comparison as the rotational moulding cost was calculated in 2003). 

Figure 7.5 shows the cost (AU$349) of Gen 3 model housing manufactured by 

rotational moulding. The cost comparison with RTM shows manufacturing with 

rotational moulding is significantly less for a comparable size housing of the heat 

exchanger. Table 7.3 shows the cost comparison of wet lay - up, RTM and rotational 

moulding for a similar size system. Here the cost comparison is conducted for the 

housing only as this represents a substantial component of the production cost. Thus we 

are able draw a conlparison between the production unit manufactured by Davis Energy 

Group and FICOM Pty. Ltd. In addition there is substantial challenge in selecting the 

most appropriate materials and processes. 

Table 7.3: Manufacturing Cost Comparison 

Heat Exchanger Housing Wet Lay-up RTM Rotational Moulding 

SIZE for Comparison (FICOM) (FICOM) (DE G) 

ICER1200 $5051 $1610 $349 

The present method of manufacturing adopted by FICOM is wet lay-up technique, for 

which the cost of ICER1200 is AU $5051. Instead of wet lay-up technique, using RTM 

manufacturing cost can be reduced to AU $1610. This is substantial reduction in 

manufacturing cost by selecting a faster production method such as R TM. Even further 

the method adopted by Davis Energy Group suggests, that rotational moulding is even 

more promising as the manufacturing cost for a similar size housing is reduced to one 

fourth of the R TM process. 
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The cost figures compared here are the manufacturing cost which excludes the profit 

margin. The discrepancies in the cost published in the literature using rotational 

Moulding (equivalent AU $349.0) and the recommended method in this study (RTM) 

could be due to the sales volume, number of units produced and other factors such as 

initial capital outlay (investment) raw material quantity and cost, storage cost and 

various overheads, etc. The cost calculated for various lCER units using RTM process 

are hypothetical where as the costs published in the literature are real costs. The detail 

investigation on each company cost structure and pricing policy is hard to obtain due to 

secretive nature of their own business strategy. But the investigation clearly points out 

high volume manufacturing using the processes such as R TM or rotational Moulding 

for the housing of the heat exchanger can greatly reduce the manufacturing cost thus 

making the product more competitive in the market. Moreover this comparison 

suggests that rotational moulding should seriously be considered for cost 

competitiveness. 

The final selling price difference between the Gen 3 unit developed by Davis Energy 

Group and that of FlCOM for a comparable size indirect evaporative cooling is 

substantially different. The Gen 3 is seriously designed to compete \vith the split 

system, so an important way to influence the market is by cost focus. The final cost of 

Gen 3 is in the range of US$ 386 (= AU$515) whereas the cost of FICOM unit is in the 

range of AU$12,000. (Note: FICOM presently uses wet lay-up technique, which is 

manual and labour intensive process). This cost difference for comparable size 

machines indicates that there is a huge potential for further cost reduction by selecting 

appropriate materials and processes for manufacturing. 

7.6 Conclusion - Minimizing Production Cost 

F or successful product design and developtnent all aspects should be thoroughl y 

considered to reduce the product cost. The main cost components in this model are 

derived from equipment, material, labour and various fixed costs. All these costs need 

to be minimised to reduce the overall product cost. This comparison illustrates the 

following strategies for minimising the product cost. 
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1. Minimise the time cycle as this is directly related to machine hours and labour 

hours. This can be achieved by selecting faster or automated fabrication 

processes such as R TM. The time cycle can also be reduced by the resin curing 

time. Selecting a resin catalyst system with a faster curing time will reduce the 

time cycle. 

2. Minimise labour intensive processes particularly those relevant to wet lay-up 

processes. Adoption of less labour intensive processes results in lower product 

cost if produced at optimum batch quantity. 

3. Labour intensive processes can be eliminated by carefully designing the product 

at the design stages keeping in mind the philosophy of design for manufacturing 

(DFM). This also includes better staff management, better material flow and 

layout of the machine shop. 

4. Although wastage and scrap is not considered in this analysis it is also important 

in the product development activity. The product should be designed in such a 

way that wastage and scrap are minimised. 

5. Better utilisation of resources such as manpower, machines and materials 

combined with utilising the capacity of the fabrication process for optimum 

production. 

The purpose of this chapter is to demonstrate how cost reduction strategies can be 

implemented given a hypothetical scenario for volume production. In this respect the 

main activities of detailed cost estimation techniques are presented for the existing 

manufacturing technique and the proposed method of volume production using 

technique such as RTM. Some basic knowledge and the economic aspects of batch 

production are presented and compared. In the overall picture of this thesis this chapter 

emphasises costing for affordability of the technical concept presented in earlier 

chapters. 

It is important to point out that for this type of product this is posssibly the first study to 

examine technical aspects on the one hand and to evaluate materials, manufacturing and 

cost on the other hand. This is one reason why the production scenario is considered 

and evaluated using a high production technique compared to the existing hand lay-up 

technique. The fabricating cost for each of these methods is presented as a guide for 

future consideration of the cost implications \vhen selecting manufacturing methods. A 
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detailed investigation of the product itself and its implications in terms of cost, material 

selection and manufacturing for further development are outside the scope of this thesis. 

However this thesis attempts to look at these issues and highlights the importance of 

product development for commercial success. 

Finally this study point outs a strategy that must be emphasised to enable innovative 

products to be developed cost effectively so that they can be introduced and adopted in 

the market. A cost comparison with rotational moulding is also presented to indicate 

the future potential for cost reduction. To implement this approach of a cost focus, the 

interactions of cost, production, materials, and market need must be identified and 

properly balanced. All these aspects of product development require careful judgement 

and evaluation. This thesis points out these issues but actual product development and 

commercial activities are outside of its scope. 
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Chapter 8. CONCLUSIONS AND RECOMMENDATIONS 

8.1 Introduction 

The overall thesis is summarised and recommendations for future research are outlined 

to finalise the accomplished work. The objective of this thesis is to demonstrate the 

advantages and limitations of this particular product from an engineering science 

perspective through to design and application using technology assessment. Being a 

technically superior product on the one hand does not necessarily mean a better design 

nor does it ensure success in the market. Thus this thesis systematically explored such 

barriers as, performance, size, weight, cost, and compatibility in an existing building 

through both design evaluation and life cycle costing. 

A production situation of batch quantity was assumed and comparison to the existing 

method of manufacturing is presented. The cost reduction potential was presented by 

breaking down the cost structure and by economic analysis for batch production. Each 

of the main chapters (3 to 7) focused on different aspects of product from 

thermodynamic analysis, application (design case study), life cycle costing, materials 

and production. 

8.2 Summary, Conclusion and Contribution 

This thesis has successfully demonstrated the objectives and problems associated with 

the engineering design of the DICER system. Research was conducted by exploring 

two main avenues. The first related to the performance of its heat exchanger and in the 

second design, materials, manufacturing and economic aspects were investigated. The 

following conclusions can be drawn from this work. 

1. A cross-flow heat exchanger with a secondary side evaporative cooling effect is 

the most effective and Chapter 3 presents a simplified model for design 

engtneers to compute its effectiveness. This model differs from the model 

predicted by other authors in the field where the air conditioning term, sensible 

heat ratio - SHR, is used to correlate the heat transfer to total energy transfer. 
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The predicted effectiveness closely matches the experimental results published 

at the Australian CS.IRO. This simplifies the understanding of heat and mass 

transfer for air conditioning engineers who generally use psychrometric charts 

and sensible heat ratio to determine the extent of dehumidification (mass 

transfer) rather than using a dimensionless parameter (Lewis Number = 1). In 

addition, the assumption of unity Lewis number is not supported by the 

experimental results published by other researchers in this area. 

Further potential for further heat transfer augmentation is presented and 

theoretical result of possible improvement is presented. This indicates that there 

is still further research required to fully understand the heat transfer 

characteristics of this type of heat exchanger. 

2. After exploring the thermal aspect of the heat exchanger an original design case 

study was evaluated from the perspective of a design engineer using design 

process modelling approaches .. An evaluation matrix was created and the 

relative strengths and weakness of this technology were elaborated in terms of 

its size, weight, cost and performance. Chapter 4 illustrated the product 

development strategy through a delnonstration project. The ASHRAE 

methodology was elaborated and followed and differences relevant to this 

particular method of energy recovery were presented. These include bleed rate, 

evaporation rate, water flow required, condensate energy recovery, peak demand 

energy savings and annual energy savings. 

Recent studies conducted by Davis energy Group (Bourne 204), Pacific Gas and 

Electric Company Application Assessment Report 0402 ((Davis 2006), (Steven 

Winter Associate 2006) conclude a very high perfonnance and COP of the 

indirect evaporative cooling systems in a similar way to the study of this thOesis. 

In addition the indirect evaporative cooling system being an all outdoor air 

system provides better sensation of comfort as well as IAQ compared to 

mechanical only cooling (most of the mechanical cooling systems require a high 

amount of recirculation air). The studies also point out that to overcome excess 

humidity ratio a separate DX system is required. This is inherent in the DICER 

system which combines a DX system along with indirect evaporative cooling. 
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Due to this feature the DICER system provides a unique method of energy 

recovery as well as air conditioning. 

The thennal aspects and design aspect provided motivation for further study on 

life cycle engineering to examine the design in a more holistic way. The next 

investigation explored the aspect of life cycle cost of the product after exploring 

technical aspects from a science and engineering design approach. 

3. Life cycle engineering was considered by developing a costing tool based on 

perfonnance and operating cost. A comparison of life cycle cost was also 

presented with other similar products to demonstrate the relative merits, 

weaknesses and strengths of this particular product. This clearly revealed that 

the high initial cost was the main barrier as; in general, life cycle cost is not 

considered by the buyer, but initial cost in the main influencing factor. To 

address this dilemma a study on materials, manufacturing and production was 

conducted to find a solution that reduces its high initial cost for the DICER 

system. 

4. A hypothetical scenario was assumed for volume production. This study started 

with materials and then moved to manufacturing and finally production. 

Fibreglass was considered in this study where a model for determining quantity 

was proposed based on the sim.ple geornetry of the mould. Using this model the 

required materials for manufacturing were estimated. This case study applies 

only to the fabrication of housing as this is considered to be the most time 

consuming process. 

Finally a detailed discussion was presented on the current state of manufacturing 

and a solution proposed for quantity production using RTM (an automated 

process of manufacturing). A total cost breakdown was carried out and an 

economic batch quantity was determined for the proposed manufacturing method 

using a costing model that takes into account variable as well as fixed cost. This 

proposed solution for quantity production reduces the manufacturing cost of 

housing by more than 65 percent in comparison with the existing technique of 

hand lay - up (also called wet lay -up). This can have a significant influence on 
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the introduction of the product to the market and its affordability as a new 

emerging low energy air conditioning system. 

Furthermore, a companson of cost is presented with a rotational moulding 

method adopted and developed by the Davis Energy Group. This comparison 

with the RTM method shows a significant cost difference (Rotational moulding 

is about one quarter of the cost of the RTM process). This clearly establishes 

that there is a huge potential for cost reduction to increase the affordability of the 

DrCER systems. 

8.3 Future Work 

This thesis provides a broad base for future design study. The next stage requires 

detailed design and optimisation of critical equipment such as fans, heat exchanger, 

pumps, air flow paths and minimisation of all parasitic losses that have become evident 

but are beyond the intentions this thesis. The optimisation of the heat exchanger is the 

cornerstone of its future development and size reduction. As air-to- air heat exchangers 

always require a larger surface area for effective energy recovery, this is probably an 

inherent problem which cannot be solved from a designers' perspective. However, any 

future work should pay attention to some of these limitations of the system which 

should be analysed from different perspectives. The total effort should be on design 

optimisation which implies better than before. This necessitates the iterative loop of 

design which states "do until it is finished". 

Additional work is necessary in both fundamental research and design development 

through experimental activities to refine and validate some of the theoretical claims 

related to its performance through laboratory experiments as well as field verification. 

An experimental rig may be required to demonstrate the findings of this thesis as well as 

to conduct fundamental research on heat exchangers, heat and mass transfer in general 

as well as thermal performance testing of other commercial heat exchangers. 

Forthcoming research should address some of these issues keeping in mind the ultimate 

aim of design optimisation which includes not only performance, but cost, materials, 

manufacturing and several other conflicting requirements. 

213 



This study investigated the fibreglass as a preferred material due to its properties such 

as good insulation to the heat exchanger core, noise attenuation, good weather 

protection and corrosion resistance. But future study should investigate other 

engineering materials keeping in mind the objective of the cost minimization and ease 

of fabrication. 

The life cycle cost is investigated and compared with other energy recovery devices, but 

for total evaluation or assessment of the environmental impacts life cycle assessment 

should be investigated. As at present FICOM believes that fibreglass is the suitable 

materials both based on performance and environmental aspects. A total life cycle 

assessment will point out the suitability of material selection. 
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Appendix -1: Heat Transfer Calculations for ICER ModellB0900 

Air flow rate (V) = 700L/s. 

Standard air density (Pair) = l.2kg/m3 

Mass flow rate (m I) = V X Pair = 0.84 kg/s 

Heat transfer in the primary channel: 

q p = m I x (hI - h2 ) 

= 0.84 x (69.94 - 38.65) 
= 26.28kW 

(A1.1) 

The secondary passage operates wet in the cooling mode but in heating it is dry, 

whereas the primary passage could be dry or wet depending on dehumidification. Also 

the secondary flow in air conditioning application is typically 20 to 25 percent less than . . 
primary flow so the mass flow rate (ms ) is taken to be 80 percent of primary flow (m I) 

= 0.67 x (67.10 - 27.85) 
= 26.29kFV 

(Al.2) 

Heat loss due to water evaporation on the secondary passage is given by equation 3.10: 

= ms x (W6 - W5 ) x (2501.0 + 2.412Tp) 
= 0.67 x (0.0169 - 0.007) x (2501 .0 + 2.412 x 13) 
= 16.80 kW 

Total heat loss in the secondary air is then the sum of the total heat transfer (equation 

A1.2) and latent heat loss due to evaporation (16.80 kFV) , which is 43.09kW 

Dry/W et surface heat transfer coefficient: 

Use the data presented in Table 3.1 

Primary air temperature at inlet (Tl ) = 31 .1 °c 
Primary air temperature at outlet (T2) = 14°C 
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Secondary air temperature at inlet (T5) = 10.0oC 

Secondary air temperature at outlet (T6) = 24.0oC 

Assume the plate is at a constant temperature of 15°C (same as the circulating water 

temperature), then the average overall heat transfer coefficient without the effect of 

evaporation (without evaporative cooling) or dry plate heat transfer for "n" number of 

plates is given by: 

26.28 =---------------------------------
298 x 0.55 x 0.55 x (3 1.1 - 24) - (14.0 -1 0.0) 

In[31.1- 24] 
14 -1 0 

(A1.3) 

Similarly when both the primary and the secondary side are wet and considering 

evaporative cooling (water sprays) in the secondary paths the overall heat transfer for n 

number of channel is similarly calculated using Equation A 1.3, but considering the 

evaporation heat transfer, which is additional 16.8 kW of heat evaporated due to 

evaporative cooling of water on the secondary side (wet plate heat transfer). The 

overall heat transfer coefficient in this case is given by: 

U WET = 88.52 W /m2K 
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Appendix -2: Peak Demand Reduction Calculations 

The nICER cooling for 2.6 m3/s (= 2600 Lis) would be, cooling the state of air from 1 

to 2. Assuming standard air density 1.2kg/m3
, the refrigeration required is: 

. . 
q t = ml x (hI - h2 ) . 
= Pair X V X (hI - h2 ) 

= 1.2 X 2.6 X (71.8 - 36.95) 
= 108 .73kWatts 

(A2.I) 

In the DICER system the vapour compression works from the room condition to the 

condition required (4) to drive the primary air stream from outdoor condition (l) to the 

supply condition (2). Thus the operation of vapour compression is optimised as the coil 

conditions are stable and the direct fluctuation of outdoor air and relative humidity are 

Ininimised. In this case the vapour cOlnpression is also handling less quantity of air as 

some of the air is required for building pressurisation. This typically is about 80 percent 

to 85 percent of the supply air flow (2.6 m3/s) . An energy saving is also realised with 

this approach as 20 percent reduction in the air flow is achieved by having the coil at the 

exhaust stream compared to having the coil at the supply stream. Thus the capacity of 

the vapour compression system required in this case is: 
. 

QVC(3-4) = msx (h3 - h4 ) . 
= Pair X V X (h3 - h4 ) 

= 1.2 X 0.8 X 2.6 X (49.2 - 29.3) 
= 49.67 kW 

Peak Demand Energy Savings (EPD): 

(A2.2) 

Having the vapour compression in this particular configuration with energy recovery as 

the main device for cooling and dehumidification the energy saving is the difference 

between equation 4.1 and 4.2. This reduction is called the peak demand reduction if 

critical conditions are taken as the peak for air conditioning calculations. Energy 

reduction can be written as the difference between the cooling needed without having a 

cross-flow heat exchanger (q t) and the cooling need with a heat recovery system 
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(q VC (3-4) where the vapour compression cooling operates from state point 3-4 (See 

Figure 5.1) 

• • 
EpD = Q(-QVC(3-4) (A2.3) 

= 108.73 - 49.67 

= 59.05 kW of thermal power. 

Therefore the percentage of energy savings is 54.3 percent at the given condition and 

flow rate as specified. This is only the peak demand reduction. However having such a 

device retrofitted to existing air handling units energy savings could be achieved 

throughout the year both in cooling as well as in heating. 

Condensate Rate 

The psychrometric chart Figure 4.7 illustrates the amount of dehumidification that can 

be achieved in the polymer plate heat exchanger as the primary air follows the process 1 

- 2. The amount of condensation depends on air quantity and the humidity ratio of the 

aIr. In this case the outdoor conditions are based on Sydney so the amount of 

condensation (kg/s) in the PPHE is given by: 

. 
• Pair C(VpX (~ -W2 ) + VSX (W3 - Ws») me = ~~--=----=----=----=""--=----"--

1000 
(A2.4) 

Where, W 3 is the humidity ratio at room conditions of 24°C DBT and 50% relative 

humidity. Using the data presented in Table 4.5 and the psychrometric chart Figure 

4.10 the amount of condensate is: 

• 1.2 x [2.6 x (14.1- 8.9) + 2.08 x (9.7 -7.2)] 
mc= 

1000 
= 0.0225 kg / s 

Assuming density of water to be 1000 kglm3
, the condensate flow rate in (Lis) is 

0.0225LIs or ( =80.8 Llhr). This is the only energy recovery device where the 
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condensate can be used before being discharged through the drain. The sump water is 

maintained at 15°C and the condensate water is approximately 1004oC. The energy ' 

recovered using the condensate before discharging through the sump to the drain is: 

E RC = 0.0225 x 4.2 x (15 -1004) 

= 0044kW 

(A2.5) 

This is the amount of thermal energy that is entering the system for heat exchange in the 

heat exchanger before finally being discharged through the bleed off valve to the drain. 

This is unique to this type of energy recovery compared with any other devices. Thus in 

humid climates this shows a potential to conserve more energy as well as contributing 

to water conservation. In this case study Sydney conditions used for calculations but for 

humid climates (such as Brisbane, Darwin, Cairns, etc and similar parts of the world 

there would be a no loss and no gain situation as the water wastage issue is concerned 

with the added advantage of more condensate energy recovery. 

Evaporation Rate 

The evaporation rate is similarly calculated on the secondary side. The heat balance 

results between primary and secondary passages determined at state point 6 on the 

psychrometric chart. The heat balance between primary and the secondary passages 

results. 
. . 
mlx(hl-h2)=m5x(h6-hs) 

h6 = ml ><J!z.! - h2 ) + h5 
m2 

h = 2.6 x (71.8 - 36.9) + 29.3 
6 2.08 

= 72.9 kJ / kg 

(A2.6) 

The psychrometric process on the secondary passages ideally follows the saturation 

curve. In practice the process line 5 - 6 follows close to saturation at about 95 percent 

relative humidity (see Figure 4.10). So knowing the enthalpy at 95 percent relative 

humidity the state point is determined. Table 4.5 illustrates all the state points of the 
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psychrometric chart shown in Figure 4.10. The evaporation rate is determined by 

knowing state 5 and 6 shown on the psychrometric chart Figure 4.10. The evaporation 

rate is given by Equation 3.9. 

• Pair X Vsx (W6 -~) me = -----=-----.:----=--
1000 

(A2.7) 

• 1.2 x 2.08 x (18.9 -7.2) me = ---------'-
1000 

= 0.029 kg/ s 

Assuming density of water to be 1000 kglm3, the evaporation rate in (Lis) is 0.029 Lis or 

( =105.1 Llhr). 

There are other empirical methods for calculating evaporation rate for direct evaporative 

cooling as reported in the literature. Evaporation which represents the direct 

evaporative cooling truly reflects the secondary side air and water interaction for 

indirect evaporative cooling. This model of evaporation rate takes into account the 

difference in vapour pressure of air and water, area, and air ve10city multiplied by some 

constants (Watt and Brown 1997). There are other empirical relations based on air flow 

rate, and entering and leaving air temperature difference. 

Water flow required 

The water flow required is a variable quantity depending on the rate of evaporation. For 

optimum operation the water flow needs change with weather and relative humidity. 

Optimum water flow rates are the minimum flows that ensure complete wetting at the 

worst case situation and at the highest air flows. Thus to optimise the performance of 

indirect evaporative cooling water flow must be adjusted for maximum air flow and 

minimum air humidity at each location and installation (Watt and Brown 1997). Excess 

water increases the pumping cost as well as reducing the heat transfer coefficient on one 

hand and on the other inadequate water flow reduces wettability. This then reduces the 

saturation efficiency on the secondary side thus reducing the latent heat transfer 

coefficient. Inadequate water flow also exacerbates clogging and scale deposition. 

Thus various test results conducted at the CSIRO show that water flow should be at 

least 30 times the evaporation rate accompanied by a regular flushing cycle (Pescod 
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1979). Other experimental results conducted on indirect evaporative cooling show that 

water flow equal to 30 times the evaporation rate was found to be satisfactory 

(Kettleborough and Hsieh 1983). Therefore the water flow rate is calculated using 

evaporation rate (given by Equation 3.9), which provides information for sizing an 

adequate pump, piping, valves, and a spray system for water distribution. 

msw = 30x me 

msw = 30 X 0.029 
= 0.87 kg Is 
= 0.87 LI s 

Bleed off rate 

(A2.8) 

The bulk of the water along with the condensate (pure water) is recirculated. This 

recirculation increases the concentration of dissolved salts which is detrimental to the 

heat transfer surfaces due to scale deposits. To minimise the extent of scaling enough 

water collected at the sump should be passed to the drain through the bleed off valve. 

Bleed rate depends on the concentration of salts in the water and its scaling tendency, 

which varies for different places (Wickham 1998). Thus bleed off maintains the water 

quality of the system regardless of the quality of the water. As makeup water is 

introduced into the system more mineral s are introduced and at the same time 

evaporation continues to concentrate these minerals. It is therefore important to bleed 

off a certain amount of recirculated water fronl the system. 

The bleed rate is calculated by establishing the maxilnum concentration ratio (which is 

also called the cycle of concentration) that the system can tolerate without causing 

precipitation or fouling which is proportional to evaporation rate. Drift losses and 

leakage are small and can be ignored in normal cases. Various methods of determining 

bleed off rates such as measuring the water conductivity which corresponds to the 

desired cycle of concentration (Wickham 1998). When makeup water is moderately 

hard bleed off is 25 percent and even 50 percent of evaporation may be practical (Watt 

and Brown 1997). Bleed off ean be eontrolled either manually or by an electro-

mechanical device which consists of a timer at preset intervals or a conductivity sensor 

which opens a bleed line when the water on the SUlnp reaches a set concentration. The 
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time sequence would be overridden by the conductivity controller when the mineral 

level in the sump water reaches a pre-set limit. 

mb = 0.5 x 0.029 
= 0.0145 kg Is 

= 0.0145LI s (= 52.2LI hr) 

A2.9) 

Bleed off rate to evaporation rate the different ion concentration such as calcium Ca2
+, 

bicarbonates, HC03 -, sulphates, S04 2- and pH value diagram can also be used to 

detennine recommended ratio (Munters 2004) 
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Appendix - 3: DrCER Annual Energy Recovery for Sydney Weather Data. 

1 

f ' 
u. 

5 ~ I(, 5 ~ 
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8/60 242.41 T 0101 :ooang 30311 

Note: 

1. The highlighted area in the table shows that heat recovery is providing all the heating l1'ithoul 

any auxiliary heating requirements. 

2. The negative (-) value in the table indicates heating energy requirements 

3. The summer room condition is 24°C DBT and 50(~o Rlf and in winter the room is maintained at 

210CDBTand 30%RH. 

Assumptions: 

1. The COP of the air conditioning plant is 3.0 and boiler efficiency of 0.75. 

2. COP of DrCER when integrated with a separate direct expansion (DX) system 

in reverse cycle mode is 6. 

3. For this calculation the room condition is defined as 24°C and 50 percent RH, 

and outdoor conditions are Sydney critical design conditions. 

4. The summer supply conditions are 14.5 DBT and 13.1 WBT and winter supply 

conditions are 20 DBT (UTS Building Services) 

5. The plant is to operate 15 hours a day and 365 days a year. 

6. Ventilation Factor (VF) is (15/24 = 0.625). 

7. Flow ratio (FR) is assumed to be 1.25 
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8. The life of the heat exchanger is 25 years 

9. The price of electrical energy is $0.13/kWhr and price of natural gas IS 

$0.03/kWhr (UTS Building Services) 

10. The energy consumption for pumping water is considered to be negligible in 

comparison to fan energy and the actual vapour compression DX system. The 

pumping energy however negligible is calculated to be around 5 watts (Chapter 

4) but is only applied for cooling hours as the heat exchanger operates dry in 

winter. 

11. The condensate energy recovery as well as the cost of water consumption is not 

considered in this analysis. However in humid climates there is a no loss no 

gain situation with this method of air conditioning. 

Summary Table, DICER with Chilled Water System 

Items Total Energy 

Cooling 

Thermal Energy (kW hr) 303 102 

COP (= 3) 
3 

Boiler Efficiency ( = 0.75) 

Total Equivalent Electrical 

Energy (kW hr) 
lQL034 

Energy Cost ($!kW hr) (Ee) $0.l3 

Annual Energy Cost $13 134 

Ventilation Factor (VF') 0.625 

Actual Annual Energy Cost $8209 

Total Equivalent Electrical Energy 

= (101 034+ 95 212) kW hr 

= 196246 kW hr 

Recovered Equivalent Electrical Energy 

= (80 827+ 94 977) kW hr 

= 175804 kW hr 

Net Equivalent Electrical Energy 

= (196246 - 175 804) 

Heating 

71409 

0.75 

95212 

$0.03 

$2856 

0.625 

lL.ill. 

Recovered Energy 

Cooling Heating 

242481 71 233 

3 0.75 

~O 827 94977 

$0.13 $0.03 

$10508 r $2849 

0.625 0.625 

$6567 lim 
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= 20 442 kW hr. 

Net cost ($) per year of cooling and heating with ventilation factor (VF) of 0.625 

= ($8209+$1 785) - ($6567 + $1 781) 

=$1 646. 

Summary Table, DICER with DX System. 

Items Total Energy 

Thermal Energy kW hr. 

COP (6) (Reverse Cycle) 

Equivalent Electrical Energy kW hr 

Energy Cost ($/kW hr) (Ed 

Annual Cost of Energy ($) 

Ventilation Factor (VF) 

Actual Annual Energy Cost ($) 

Total Equivalent Electrical Energy 

= (50 517 + 11 902) kW hr 

= 62 419 kW hr 

Cooling 

303 102 

6 

50517 

$0.13 

$6567 

0.625 

$4 105 

Recovered Equivalent Electrical Energy 

= (40 414 + 11 872) kW hr 

= 52 286 kWhr 

Net Equivalent Electrical Energy 

= (62 419 - 52 286) 

= 10 128 kW hr. 

Heating 

71409 

6 

11 902 

$0.13 

$1 547 

0.625 

$967 

Recovered Energy 

Cooling Heating 

242481 71 233 

6 6 

40414 11 872 

$0.13 $0.13 

$5254 $1 543 

0.625 0.625 

$3284 $965 

Net cost ($) per year of cooling and heating with ventilation factor (VF) of 0.625 

= [($4 105 + $967) - ($3 284 + $965)] 

=$823. 
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Appendix - 4: Enthalpy Wheel Annual Energy Recovery for Sydney Weather Data. 

FR 1.25 
OJtdol Rlom Heat E: Supply Air Flow Energy RI ~covered .' Room Supp Iy Total 

,g 
Ii) 

d. 

i I J I I 31 I « f ~ I ~ m(h,-h)) j I m(h}-;") 

~ ~ ~ . ~ ~ ~2 
1 10 ;0% 4 14 1 :1 

. 

. 
11 

23 3 5 
12 14 

1: 

, 

: 14 iOj 4 
14 iOj 4 
14 iO~ 4 

" :01 

e 
"l1li1 

3 
IS! 1 11 

~ . 

~ 

9 -1 
4. 1 
4.6 1 
4.3 1 -, 

.. ~-
87tiO :00 Ing :ecOVPJ ed 385 tal Cooling 1694' 

678 "m al Heating 761!l' 

Note: 

1. The highlighted area in the table shows that heat recovery is providing all the heating without 

any auxiliary heating requirements. 

2. The negative (-) value in the table indicates heating energy requirements 

3_ The summer room condition is 24°C DBT and 50% RH and in winter the room is maintained at 

21°C DBT and 30% RH. 

Assumptions: 

1. The COP of the air conditioning plant is 3.0 and boiler efficiency of 0.75. 

2. The summer supply conditions are 14.5 DBT and 13.1 WBT and winter supply 

conditions are 20 DBT (UTS Building Services) 

3. The plant is to operate 15 hours a day and 365 days a year, 

4. For this calculation the room condition is defined as 24°C and 50 percent RH, 

and outdoor conditions are Sydney critical design conditions. 

5. Ventilation Factor (VF) is (15/24 = 0.625). 

6. Flow ratio (FR) is assumed to be 1.25 

7. The life of the heat exchanger is 5 years 
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8. The pnce of electrical energy is $0.13/kWhr and pnce of natural gas IS 

$0.03/kWbr (UTS Building Services) 

Summary Table 

Items Total Energy 

Cooling 

Thennal Energy (kW hr) 169410 

COP (= 3) 
3 

Boiler Efficiency (= 0.75) 

Total Equivalent Electrical 
56470 

Energy (kW hr) 

Energy Cost ($/kW hr) (EcJ $0.13 

Annual Energy Cost $7341 

Ventilation Factor (VF) 0.625 

Actual Annual Energy Cost $4588 

Total Equivalent Electrical Energy 

= (56 470 + 101 535) kW hr 

= 158 005 kWhr 

Recovered Equivalent Electrical Energy 

= (12 838+ 90 516) kW hr 

= 103 354 k\Vhr 

Net Equivalent, Electrical Energy 

= (158 005 - 103 354) 

= 54 651 kW hr. 

Heating 

76 151 

0.75 

101 535 

$0.03 

$3046 

0.625 

$1 904 

Recovered Energy 

Cooling Heating 

38514 67887 

3 0.75 

12 838 90516 

$0.13 $0.03 

$1 669 $2716 

0.625 0.625 

$1 043 $1 697 

Net cost ($) per year of cooling and heating with a ventilation factor (VF) of 0.625 

= ($4588 + $1 904) - ($1 043 + $1 697) 

=$3752. 
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Appendix -5: Housing and Standard Dimensions of leER ModellB0900 

Sta rn,d iud ha,nc;Ung of unit is shown. 
Op pos-itohan dln9mo av • .dklbJo 

AIR CONNECTIONS 

A1 ~ SUPPl.Y A1RlNL'E,T MESH 
A2 ... SU PPl.Y J.UR lNl,.ET f CJ ftt 
81 ~ SUPPLY AIR OUTLET (stdl 
e:2 <:; SUPPLY NR OUTLE 1'(31'1:) 
C 1 .... EXHAUST AIR INLET ~std) 
C2 =: EXHAUST AIR INLET {att) 
o :Q EXHAUST AIR OUrlET 

DIMENSIONS 

UNIT 
ICER1:B0600 
iCER1B0900 

L 
mm 
11·00 
2000 

W 
Jnm 
190 
190 

H AIR MOT 
mm US leW 

1600 500 0.75 
16U-O 1C·O 1.10 

AIR stJPPUEO £S 100% OUT~o€. Rl TEREDANO t~T w.:El1'EOw 
STALE AIR IS EXliAUStE.D; ANO mE HOOSE CAN BE ClOSED. 
TYPlCAL $UYM~ '~JS1oeIS 1$-2&°<; A l' OO'TS1OE .co"c. 20% RH. 
C6RnF1EO UMT I')£SIGNS .A.VAJlA.BtE fOR SUIl .. OtNG OE1An . .$~ 

Figure AI: leER IB0900 Housing and Dimensions. 

Figure Al shows the essential dimensions of the DICER housing. Based on these 

dimensions the quantity of materials required is determined. To determine the quantity 

of Inaterials first of all strength requirements are investigated using the plate theory 

presented in Appendix 6. The information based on size and strength is then used to 

determine the required raw materials for fabrication as presented in Appendix 9 
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Appendix -6: Thickness Calculation Based on Plate Theory. 

The material properties for FRP material using E-glass and polyester resin and for 

common application are given by Gay, Hoa et al. (2003). The loading geometry is 

presented in Figure A2 where a uniformly distributed load is assumed on area rather 

than on beam theory. In a realistic situation the entire load is distributed on area rather 

than in a line. 

Elastic Modulus (E) = 74Gpa. 

Poisson Ratio (v) = 0.25. 

Figure A2: Geometry and Loading of Plate 

The deflection is analytically treated by using double Fourier series, where retaining 

first terms of the equation A1.1 results in accurate deflection (Armenakas 2006). 

(m+n) I 
16p 00 00 1 2 

Umax = 6 D L L -(-2-----:-2 J2 
TC X m=I,3,5 n=I,3,5 m x n [7 J + [; J 

Form=1, n=1 

16pK u 
umax = 6 

TC xD 

For this design the maximum deflection allowed (umax) = 5mm 

The load distribution (P) = 1265.8 N/m2 

(A6.1) 

(A 6.2) 
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Where, 

(A6.3) 

Substituting the value of Ku in equation A1.2 D is obtained and D = 1227.97. 

Et 3 

D=----
12x (1- v 2

) 
(A6A) 

Substituting D, E and v in equation AlA, the value of thickness (t) = 5.7 mm. A factor 

of safety of 10 percent is considered which results in the required thickness being 6.3 

mm. 
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Appendix - 7: Costs of Raw Materials 

For one unit of production the material cost is estimated by knowing the total quantity 

of raw material required to fabricate ICER1B0900 multiplied by the cost per unit 

kilogram. The quantity of material required to fabricate one unit of ICER 1 B0900 heat 

exchanger casing is presented in Appendix 9. The costs of materials for a single unit, 

for 10 units and for 100 units are presented in Table A 4.1, A 4.2, A 4.3 (Malcolm 

Holden and Glenn Rapson (2006). 

Table A4.1 Cost of Material per kg for Manufacturing per Unit 

Raw Material Ingredients Kg. Required $/kg Cost($) 

Total mass of fibre 29.7kg $4.4 $131 

Total mass of resin (based on 2: 1 ratio) 59.4 kg $3.8 $226 

Mass of catalyst (2.5% of resin) 1.49 kg $36 $54 

Mass of gel coat 24.0 kg $12.8 $307 

Total Cost of Material for Fabricating 1 Unit. $718 

For 10 units the material cost would be as presented in Table A.4.2 . These costs are 

obtained from the manufacturer of the resin and fibre materials (Huntslnan Composites) 

and through a detailed structured interview (Malcolm Holden and Glenn Rapson (2006). 

Table A4.2 Cost of Material per kg for Manufacturing per 10 Unit 

Raw Material Ingredients Kg. Required $/kg Cost($) 

Total mass of fibre 297kg $3.8 $1131 

Total mass of resin (based on 2: 1 ratio) 594 kg $3.5 $2065 

Mass of catalyst (2.5% of resin) 14.9 kg $8.7 $130 

Mass of gelcoat 240 kg $7.7 $1848 

Total Cost of Material for Fabricating 10 Units. $5175 

For 100 units the material cost would be a further 5 percent discount compared to the 

cost presented in Table A 4.2 (Malcolm Holden and Glenn Rapson (2006). 
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Table A4.3 Cost of Material per kg for Manufacturing per 100 Unit 

Raw Material Ingredients Kg. Required $/kg Cost($) 

Total mass of fibre 2970kg $3.6 $10692 

Total mass of resin (based on 2: 1 ratio) 5940 kg $3.3 $19602 

Mass of catalyst (2.50/0 of resin) 150kg $8.2 $1230 

Mass of gelcoat 2400 kg $7.3 $17520 

Total Cost of Material for Fabricating 100 Units. $49044 

Similarly the cost of fabricating 1000 units is presented in Table A 4.4. A discount 

factor of a further 13 percent applied to the cost of materials presented in Table A 4.3 

(Malcolm Holden and Glenn Rapson (2006). 

Table A4.3 Cost of Material per kg for Manufacturing per 1000 Unit 

Raw Material Ingredients Kg. Required $/kg Cost($) 

Total mass of fibre 29700kg $3.13 $92 961 

Total mass of resin (based on 2: 1 ratio) 59400 kg $2.87 $170478 

Mass of catalyst (2.5% of resin) 1500 kg $7.13 $10695 

Mass of gelcoat 24000 kg $6.35 $152424 

Total Cost of Material for Fabricating 1000 Units. $426558 
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Appendix - 8: Labour Rate Based on Cycle Time 

Where 

n is the number of units to be produced 

Lr is the labour rate 

Tc is the cycle titne of the manufacturing process 

(A8.1) 

The following table shows the production rate and time cycle for each of the 

manufacturing processes. The overhead cost is between 2 to 4 times the labour costs 

(Mazumdar 2002) and overhead costs in this estimation are taken on an average of 3 

times the labour cost. The labour cost is based on time cycle and labour rate at $60Ihrs. 

}"'abricating Process Production Cycle time Labour 

(units/year) (hrs/unit) ($/unit) 

Open Moulding (hand 100-- 500 1 -- 3 $60 - $180 

lay -- up & spray up) Avg$120 

Resin Transfer 200 - 10000 0.1 - 0.5 $6 - $30 

Moulding (RTM) AVg$l~ 
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Appendix - 9: Material Quantity Determination for leER ModellB0900 

Using the quantity detennination model developed in section 6.12 the actual quantity of 

raw materials required is estimated. Here wastage is considered to be negligible, which 

entirely depends on the skill of the operator and method of fabrication. 

The dimension of the leER model 1 B0900 is obtained by measuring the size of the unit 

itself. To fabricate this size of heat exchanger housing the size of the mould should be 

equal to the size of each of the side flat panels. 

STEP - 1 and STEP - 6 (Mass of reinforcement is calculated simular to Step - 1) 

Length (L) = 2000 mm 

Width (W) = 790 mm 

Height (H) = 1600 mm 

Thickness (t) = 6.62 mm (Thickness is estimated from the strength requirements based 

on plate theory presented in Appendix A2.) 

Surface area (A) of the mould required for outer housing: 

Aff . := 2 x (L x W + W x H + L x H) ol/smg 

= 2 x (2 x 0.79 + 0.79 x 1.6 + 2 x 1.6) 

= 12.09 m 2 

The size of the inner housing for heat exchanger 

Bottom assembly 

Length = 900 mm 

Width = 600 mm 

Height = 450mm 

Thickness = 6.62 mm 

Surface area (A) of the mould required for inner housing (bottom assembly) for the heat 

exchanger: 

ABott am Assembly =2x(LxW +WxH +LxH) 

= 2 x (0.9 x 0.6 + 0.6 x 0.45 + 0.9 x 0.45) 

= 2.43 m 2 

245 



Top assembly 

Length = 900 mm 

Width = 600 mm 

Height = 450 mm 

Thickness = 6.62 mm 

Surface area (A) of the mould required for inner housing (top assembly) for the heat 

exchanger: 

ATop Assembly = 2 X (L X W + W X H + L X H) 

= 2 X (0.9 X 0.6 + 0.6 X 0.45 + 0.9 X 0.45) 

= 2.43 m 2 

The size of the fan assembly 

Length = 1100 mm 

Width = 600 mm 

Height = 1050 mm 

Thickness = 6.62 mnl 

Surface area (A) of the mould required for fan assembly: 

AFan Assembly = 2 X (L X W + TY X If + L X H) 

= 2 X (1.1 X 0.6 + 0.6 X 1.05 + 1.1 X 1.05) 

= 4.89 m 2 

Total surface area (A) of the mould is the sum of all these areas: 

A = AHolIsing + ABottom Assembly + ATop Assembly + A Fan Assembly 

= 12.09 + 2.43 + 2.43 + 4.89 

= 21.84m 2 

From the strength requirement the outer fibre (two layers) of 600g/m2 and inner core of 

160g/m2 is estimated. Using the model for quantity determination developed in chapter 

6 knowing the surface area of the mould (m2
) and g/m2 from the material data sheet the 

total weight (kg) of the fibre required is obtained using equation 6.12. 

Mass of Fibre (Mf ) is then calculated as surface area multiplied by the surface density: 
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Mf = 21.84kg x 2(layers) x 600g / m 2 + 21.84 + l(layer) x 160g / m 2 

Mf = 29.7 kg. 

STEP - 2 and STEP - 3 (If flowcoat is required) 

Mass of gelcoat is based on the coverage and type of resin, either Iso or Ortho. In this 

case Iso resin is used with a typical coverage (g/m2
) in the range of 870 to 1100. The 

surface area is known so the total mass of gelcoat is given by equation 6.13 . In this case 

wastage is not considered. Similarly if flowcoat is required use equation 6.15. 

Mass of gelcoat (Mg) = 24.0 kg 

STEP- 4 is given in fibreglass data book, datasheets or relevant Australian 

Standard (AS 41323) as resin to glass ratio. 

STEP-6 

Mass of resin (kg) is determined by using the resin to glass ratio if the mass of the fibre 

is known. The resin to glass ratio in this case is taken 2: 1 which is typical for FRP 

manufacturing. 

Mass of resin (Mr) = 59.4 kg 

STEP -7 

Mass of catalyst is calculated using equation 6.18. The catalyst is recommended in the 

range of 1 to 2.5 percent based on the mass of the resin. 

Mass of Catalyst (Me) = 1.49 kg 

Summary Table 
Table A9: Raw Material and Kilograms Required 

Raw Material Ingredients Kg. Required 

Total mass of fibre 29.7kg 

Total mass of resin (based on 2: 1 ratio) 59.4 kg 

Mass of catalyst (2.5% of resin) 1.5 kg 

Mass of gelcoat 24.0 kg 

Total weight of the material 114.6kg 
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Appendix - 11: Gel Time vs. Temperature of a pre-promoted reSIn (ASHLAND 

Speciality Chemical Company 2005). 
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Figure A4: Effect of Temperature on Gel-time at Various Percentage of Catalyst. 
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