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Abstract 

Solar thermal systems have great potential to replace or reduce the dependence of 

conventional fossil fuel based heating technologies required for space and water heating. 

Specifically solar domestic hot water systems can contribute 50-75% of the annual thermal load. 

To date residential users have been slow to purchase and install systems, primarily due to the 

large monetary investment required to purchase and install a system. Recent innovations in 

materials design and manufacturing techniques, offer opportunities for the development of 

absorber plate designs that have the potential to reduce cost, increase efficiency and reduce 

payback periods. Consequently, this design study was conducted in conjunction with industrial 

partners to develop an improved absorber based on roll bond manufacturing that can be produced 

at reduced cost with comparable or greater thermal efficiency.  
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Chapter 1 

Introduction 

1.1 Background 

Fossil fuels, in particular oil, are the primary sources of energy in the industrial world. 

Concerns related to the limited supply, increasing cost and the detrimental environmental effects 

associated with production and consumption of oil have prompted public interest in alternative 

clean energy resources. This interest has driven worldwide investment on the part of industry and 

government in the development and refinement of environmentally sustainable and cost effective 

renewable energy systems that are financially accessible to the public.  

Within Canada, the prevailing interest in renewable energies focuses strongly on 

technologies that generate electricity. These technologies include wind turbines, photovoltaic 

arrays (solar electric), bio-fuel generators, and hydroelectric systems. This approach is reinforced 

by heavily biased government subsidy programs such as the feed-in tariff program currently 

offered within Ontario that provides incentives to invest in wind, solar and hydroelectric 

technologies [1].  

Renewable thermal technologies may be a more effective method to offset fossil fuel 

based energy use, particularly in the residential energy market which accounts for nearly 20% of 

the total energy use within Canada [2]. The primary use of residential energy in Canada is related 

to the thermal load required to heat buildings and provide hot water. Fig. 1.1-1 outlines the 

residential energy use per capita within Ontario. Three quarters of the energy expended is on 

space and water heating [3].   
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Fig. 1.1-1: Residential energy use per capita in Ontario (2005) [3] 

Solar thermal systems have great potential to replace or reduce the dependence on 

conventional fossil fuel based heating technologies required for space and water heating. 

Specifically, solar domestic hot water (SDHW) systems can contribute approximately 50 to 75% 

of the annual thermal load significantly reducing both carbon emissions and fuel costs [4].  

A typical residential solar thermal system is comprised of a solar collector array, a glycol 

circulation loop which includes a circulation pump, a heat exchanger and a storage vessel [5]. A 

simplified typical system is illustrated in Fig. 1.1-2.  

 

Fig. 1.1-2: Typical solar domestic hot water system component layout 
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To date residential users have been slow to purchase and install systems. This is partly 

due to a lack of public awareness, but a larger factor is the substantial monetary investment 

required to purchase and install a system [4]. Typical SDHW systems currently available can 

have an initial cost of two to five times higher than conventional alternatives [6] and therefore 

take long periods of time to pay back the initial investment.   

One of the most expensive components within a SDHW system is the flat-plate solar 

collector which collects heat energy from solar radiation. A typical collector has an absorber plate 

that captures solar radiation and converts it to thermal energy. The absorber is usually enclosed in 

a case and covered by glass. This casing is insulated to reduce heat losses to the surroundings. 

Fig. 1.1-3 below illustrates typical flat-plate collector construction [4].  

 

Fig. 1.1-3: Typical Flat-plate Collector Composition [4] 
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The absorber plate that is used within a solar collector accounts for a significant portion 

of cost. Recent innovations in materials design and manufacturing techniques, offer opportunities 

for the development of absorber plate designs that have the potential to reduce cost, increase 

efficiency and reduce payback periods. Consequently, this study was conducted in conjunction 

with industrial partners to develop an improved absorber that can be produced at reduced cost 

with comparable or greater thermal efficiency. The greatest potential for reducing cost is through 

the development of systems that are inexpensive to manufacture and use less expensive materials.  

1.2 Review of Conventional Absorber Plate Technology 

1.2.1 Function of an Absorber Plate 

In a solar collector, the absorber plate captures radiant solar energy. This radiant energy 

is converted to heat, and transferred to a fluid for transport to a location where it is used to offset 

a thermal load. System efficiency is directly proportional to absorber efficiency, thus much care 

must be taken to develop an absorber which converts insolation to heat with the highest efficiency 

possible [7]. 

Previous attempts to maximize absorber efficiency while minimizing cost have prompted 

the investigation of a variety of structural and material configurations. Most of the configurations 

that were designed and tested during the 1980s are no longer manufactured today due to either 

thermal inefficiencies or liquid-side corrosion related issues [7].  Background information and 

lessons learned from previous work, including design specifications and requirements, will be 

discussed in the following subsections.  
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1.2.2 Absorber vs. Collector Efficiency 

The important distinguishing differences between absorber efficiency and collector 

efficiency are described below.  

Absorber efficiency is primarily related to fin efficiency and absorber effectiveness. Most 

absorbers can be roughly modeled by a fin and tube arrangement as illustrated in Fig. 1.2-1, 

where energy or heat is conducted along the fin to the tube. As fins incur a finite conduction 

resistance, a temperature gradient is formed along the fin. To obtain high fin efficiency it is 

necessary to minimize the thermal resistance to heat flow through the fin. The resistance to heat 

flow depends on the length of the fin, its thickness and the thermal conductivity of the material it 

is constructed from. If the thermal resistance in the fin is very low, then there will be a small 

temperature gradient along its length. A high thermal resistance results in a high temperature 

gradient along the fin. Therefore, the maximum potential for heat transfer would occur if the 

thermal resistance was very low and therefore the entire surface existed at the base or fluid 

temperature. Fin efficiency can be expressed as the ratio of energy absorbed to the theoretical 

amount of energy that would be absorbed if there was no resistance to heat flow in the fin (i.e. the 

temperature across the entire fin would be equal) [8].  

Similarly, as fluid flows through an absorber, a temperature gradient is formed in the 

direction of flow. This temperature gradient results in a reduction in efficiency in the same 

direction as the direction of flow. The increase in temperature results in a reduction of the 

absorber effectiveness. Factors such as flow rate, fin geometry, material conductivity, and the 

bond conductance of the fin-to-tube joint also all have a substantial impact on the fin efficiency 

and therefore the effectiveness of the absorber [9].  
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Fig. 1.2-1: Sheet and Tube Dimensions [9] 

Solar collector efficiency, therefore, is directly dependent on absorber efficiency. The 

efficiency of a collector can be described as a ratio of the amount of energy collected compared to 

the amount of energy incident on the collector. The effectiveness of the absorber in conjunction 

with the collector efficiency is often expressed as a function which is dependent on the difference 

between inlet and ambient temperature, divided by the solar insolation [10]. For a more detailed 

description of collector efficiency and how it is measured, see Section 2.1 Collector Performance 

Characterization.  

1.2.3 Material Selection 

Material choices in absorber construction are limited primarily by three factors: cost, 

thermal conductivity and longevity [4]. Historically, materials used for the construction of an 

absorber have been aluminum and copper.  

Over the past decade, the increasing cost of copper has made this material much less 

economically viable for use in absorber designs [11]. In spite of this, it is still primarily used for 

the construction of fluid passages because of its superior corrosion characteristics resulting in 

superior longevity, high thermal conductivity and ease of manufacture due to its high formability 

characteristics [12]. Very few materials (including standard types of low grade aluminum) can 

withstand the potentially corrosive aqueous heat transfer fluids used in a typical SDHW system 
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[4]. In addition, thermal breakdown of typical glycol based heat transfer fluids over time results 

in reduced PH values that increase corrosion in the fluid passages of solar collector absorbers. To 

protect against absorber failure by corrosion, manufactures have traditionally used highly 

corrosion resistant materials flow passages.  Consequently, copper with its high corrosion 

resistance and good thermal properties has been the preferred material for solar collectors.  

Commodity prices for copper have been consistently rising over the past decade and this 

has resulted in increasingly high costs for solar absorbers. As a consequence, recent research has 

focused on the identification of alternative designs and materials that would reduce the need for 

copper within solar thermal applications. One approach that is being investigated is the use of an 

innovative new form of aluminum sheet, i.e., commercially sold under the trade name Fusion 

Clad™, it may be a promising alternative to copper.  Fusion Clad™ refers to a proprietary 

process where an aluminum ingot is simultaneously cast from two (or more) different alloys to 

produce a single aluminum ingot that consists of a layered (sandwich) structure as illustrated in 

Fig. 1.2-2.  These custom ingots can then be formed (e.g., rolled in to sheet stock that will consist 

of multiple layers of the original alloys. This process allows for “designer rolled products” to be 

produced with specific material attributes, such as surface corrosion resistance, formability, 

strength or surface finish; with relatively low material and machining costs [13].  

An ingot cast with an outer layer of corrosion resistant 1060 aluminum and an inner 

structural layer of 3003 or 4015 offers the opportunity to produce a structurally sound complete 

solar absorber with integral flow passages protected by a corrosion resistant barrier layer.   The 

use of an aluminum barrier layer in contact with corrosive heat transfer fluids, such as the typical 

water/propylene glycol mixtures used in solar thermal systems, effectively eliminates the need for 

copper.  
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Fig. 1.2-2: Fusion Clad™ Aluminum Material Construction [13] 

1.2.4 Hydraulic and Structural Configurations 

The structural design of an absorber plate is principally determined by the choice of 

hydraulic configuration.  The two most prevalent hydraulic configurations in use are those 

constructed using tubes arranged in either a parallel (also called harp) or a serpentine (also called 

meander) arrangement. Other configurations, such as the pin-cushion design, have been 

investigated, though few have been widely manufactured [7]. Fig. 1.2-3, illustrates the three 

aforementioned designs.  

Parallel flow absorbers are normally constructed using a collection of absorber fins 

connected to a supply and a return pipe (also called a distributing and collecting header) to form a 

harp arrangement. The absorber fins are constructed using fins of aluminum or copper affixed to a 

copper pipe. The design is labor intensive to manufacture and has an increased potential for 

failure as each connection is stressed during the thermal cycling that occurs on a daily basis.  

Despite these drawbacks, this design was the most commonly produced until the mid-nineties [4].  

In recent years, serpentine absorbers have become more established. Improved 

manufacturing methods have contributed to these absorbers becoming more economical to 
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produce.  Serpentine absorbers are constructed using a single meander-shaped tube that is bonded 

to an absorber plate. In most cases a copper meander tube is laser welded to an aluminum sheet, 

although in some cases, thin copper is used as an alternative for the absorber plate. The 

manufacturing of modern serpentine absorbers requires significantly less production effort, 

despite still being a batch process [7].  

The use of tubeless absorbers (as illustrated in Fig. 1.2-3, C) although less common has 

been attempted. The concept was investigated in the early 1980’s using steel plates welded 

together [14], and aluminum sheets “roll bonded” together [7]. In both cases, despite the wider 

variety of flow configurations available, the primary hydraulic configuration tested consisted of a 

dimpled plate design (also called a pin cushion design) [7, 4]. The poor liquid-side corrosion 

characteristics and limited pressure resistance of these panels prevented the widespread adoption 

of the concept and ultimately led to the failure as a product.  

 

 (A)      (B)       (C) 

Fig. 1.2-3: Common Absorber Hydraulic Configurations: A) Serpentine B) Parallel C) Pin 
Cushion 
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1.2.5 Absorber Optimization  

To determine candidate configurations for the proposed absorber, a review of previous 

studies on the effects of design variables on collector efficiency was undertaken. Previous studies 

have evaluated the effect of material content [15], plate or fin geometry [16], tube spacing [7], 

non-uniform fluid flow [17], thermal conductivity [18], optimum absorber size [19] and many 

other parameters. From these and further studies discussed in Chapter 2, as well as a review of 

numerous thermal installations located throughout Europe [7], the following recommendations or 

general guidelines can be outlined for the design of an optimized absorber plate: 

 Channels containing heat transfer fluid should be configured to minimize 

distance between them, accounting for compromise between optimum heat 

transfer and low heat capacity and reduced material cost. In practice this 

generally results in a tube spacing of 10-12cm [7].  

 Consistent even flow through the absorber must be ensured. If parts of the 

absorber receive no or insufficient flow then the collector performance falls 

proportionally to the size of the area with insufficient flow. In a parallel absorber, 

the pressure loss in the collecting and distributing pipe (header) should be a 

maximum of 20-30% of the pressure loss in the absorber channels to ensure 

balanced flow.  

 Depending on the physical configuration, good contact between the absorber 

sheet and the channel containing the heat transfer fluid must be ensured. A high 

thermal resistance between these two components can significantly reduce the 

absorber efficiency. Care should be taken to ensure a bond conductance of 

greater than 30 W/m °C [20]. 
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 Optimized designs should minimize the number of joints or connections 

contained within the collector. Thermal cycling experienced by absorbers can 

cause joints to stress and fail over time reducing the lifetime of the product and 

subsequently the economic viability.  

 Material selection is critical to ensure panel longevity, efficiency and cost. 

Materials selected should be tested to ensure corrosion resistance and 

manufacturability.  

1.2.6 Microtherm Sun Select™ Absorber / EnerWorks™ Collector 

One of the largest manufacturers of solar thermal systems in Canada is EnerWorks™ Inc. 

[21]. Collectors manufactured by EnerWorks™ are assembled using absorber panels produced by 

Microtherm SunSelect™ (Alanod). Panels are constructed using spectrally selective coated 

aluminum sheets, laser welded to a meander (or serpentine) copper tube. For detailed 

specifications please refer to Appendix A.  

Collectors manufactured by EnerWorks™ have been extensively tested by the Solar 

Ratings and Certification Corporation (SRCC) [22]. The performance characteristics of their 

residential and commercial model collectors are well defined. See Appendix B and Appendix C 

respectively for further information.   

These collectors are a good example of state-of- the-art solar thermal technology and as 

such were selected as a baseline performance reference for the design of new 

collectors/absorbers.  
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1.3 Objectives of the Study  

The economic viability of solar thermal systems depends on the cost of competitive 

sources of thermal energy.  In North America, falling costs for natural gas are forcing solar 

collector manufacturers to look for lower cost alternatives to the current absorber designs that 

have high manufacturing costs and expensive materials.  In the case of the EnerWorks™ 

collector, the cost of the copper used in the construction of the absorber, and the relatively 

expensive and slow laser-welding process increase cost.  Laser welding facilities of the type used 

in this type of solar absorber are currently only available in Europe and consequently the shipping 

of manufactured absorbers from Europe significantly increases unit costs. This coupled with 

increasing demand for absorber plates, has led to concern over security of supply. Consequently, 

it is critically important to develop an absorber panel manufactured in North America at a 

reduced cost when compared to solar collectors currently used. 

Fusion Clad™ aluminum offers the opportunity to develop an absorber with strong 

thermal fluid characteristics, reduced manufacturing and material cost. Consequently, this study 

was undertaken to review alternative absorber designs and access the benefits of alternative 

hydraulic configurations with respect to ease of manufacture, cost reduction, and high thermal 

efficiency.  

In formulating the approach and specific objectives of this study staff from EnerWorks™, 

Novelis™ and the Queen’s University Solar Calorimetry Laboratory were polled to identify 

requirements and objectives of the new absorber development. The process was based on the Six-

Sigma [23] project management approach. The criteria for assessing new collector designs were 

outlined based on key principles of absorber design [9], a review of modern manufacturing 

techniques [24], and a study of common market failures within the solar industry [7].  Twelve 
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researchers from Queen’s University and the Novelis™ Global Technology Center ranked each 

project criteria from 1 to 25. The overall score of each item was then averaged to determine the 

ranking. The resulting ranked criteria are outlined in Table 1.3-1. 

Table 1.3-1:Project criteria ranked by select members of Queen’s University Solar 
Calorimetry Laboratory and Novelis™ Technology Centre 

Rank Criteria 
Average 
Ranking 
Number 

Standard 
Deviation 

1 Competitive system performance 3.4 1.9 
2 Reduced Cost 3.7 4.5 
3 Liquid-side corrosion resistance 6.2 5.1 
4 Profit 9.7 10.1 
5 Lower defect rate 10.3 3.5 
6 Resistance to thermal shock and cycling 11.4 5.0 
7 Low leakage potential 11.5 6.6 
8 Longer life and warranty 11.7 5.9 
9 Compatible design vs EnerWorks™ 11.7 6.4 

10 Time to market 11.8 6.1 
11 Potential IP putting Novelis™ in a competitive position 12.0 6.5 
12 High volume production 12.3 6.4 
13 Technical difficulties in achieving successful product 12.6 5.2 
14 Lighter 13.0 8.1 
15 Stiffer 13.2 5.7 
16 Appealing appearance 13.5 5.9 
17 Less capital  14.2 6.6 
18 Flexible shape and configuration 14.4 8.2 
19 Manufacturing complexity 15.8 3.8 
20 Smaller and slim profile 16.0 7.3 
21 Interconnect to Cu pipe 16.9 5.7 
22 Less sensitive to finger prints 18.5 5.3 
23 Energy consumption/ environmental impact 20.2 4.0 
24 Logistics 20.2 5.1 

25 Product recyclability 21.1 3.7 
 

1.4 Scope of Study 

The scope/objective of this thesis focused only on the absorber plate design used in the  

solar collector and was intended to primarily address the two highest ranked criteria identified in 
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the Six-Sigma project management approach; competitive system performance (efficiency, 

ranked 1st), and reduced cost (ranked 2nd). Other consecutive studies are being conducted to 

determine liquid-side corrosion characteristics, develop new coating materials, new collector 

casings and aluminum line sets. For this study the collector case, insulation, cover materials and 

the assembly method were kept equivalent to the current EnerWorks™ residential collector. This 

ensured a comparison of absorber technologies, as any variations in collector housing technology 

would not impact the results. 

Cost will be reduced through the development of an absorber design which promotes 

continuous manufacturing techniques and reduction of material cost. System efficiency will be 

increased through a reduction in absorber pressure drop, and therefore reduced pumping power 

use. In addition, improved flow distribution and uniformity will allow for an improvement in the 

thermal characteristics of the absorber. The structural, hydraulic and thermal analysis of an 

alternative absorber design will be investigated to ensure the primary goals are satisfied.  The 

performance of the system and will depend on maintaining high heat transfer rates in the 

proposed absorber design.   

Absorber plates will be analyzed under conditions expected for a standard residential 

EnerWorks™ solar collector. Proposed designs will be developed and tested in accordance with 

the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 

standard for thermal performance testing [25] and evaluated against the EnerWorks™ absorber 

described in Appendix A.  
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1.5 Overview of Approach 

The goals of this project will be achieved following the work flow outlined in Fig. 1.5-1  

and discussed below.  Experimental work will be used to ensure that manufacturing restrictions 

are met. Numerical modeling and experimental work will be used to ensure thermal and hydraulic 

performance is achieved.   The approach used for this study followed the following steps. 

 Identify solar collector and absorber performance criteria 

 Review alternative absorber configurations 

 Select conceptual designs and outline development plan 

 Undertake analysis of preliminary concepts  to assess:  

o Thermal performance 

o Hydraulic performance 

o Manufacturability 

 Build and evaluate prototype samples of most promising concepts to validate modeling 

and manufacturing techniques 

o Manufacture  prototype mini-collectors to identify viability of initial concepts 

o Manufacture full scale prototypes of  proposed absorber designs and conduct 

evaluation tests of pressure drop , flow uniformity and thermal performance 

  Analyze results and prepare discussion of results 

 Prepare conclusions and recommendations 
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Fig. 1.5-1: Flow Chart of Proposed Workflow 
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Chapter 2 

Literature Review 

A general introduction to solar thermal technologies and, in particular, solar collectors 

was presented in Chapter 1. As discussed, the absorber plate is a critical component of a solar 

collector and has been the focus of significant research in the past. However, previous designs 

have made use of labor-intensive manufacturing techniques and expensive materials (e.g., 

copper). As a result, the industry has been forced to find less expensive alternatives to these 

traditional designs. Fortunately, with the advent of modern manufacturing techniques, new 

materials and design tools, it is possible to develop a high-performance solar absorber that can be 

rapidly manufactured at lower cost. In this chapter, previously published research related to solar 

absorber characterization and design will be summarized.   

2.1 Collector Performance Characterization 

The efficiency of a flat-plate solar collector depends on the thermal performance and 

configuration of its absorber plate [26]. Although simplified methods have been developed to 

estimate solar collector performance [27], they are based on basic configurations and therefore 

simplified analysis. As a consequence, it is normal to experimentally test solar collectors to 

determine their performance characteristics. These tools, however, provide initial guidance in the 

design of solar absorbers and therefore will be described in the subsequent subsections.  

Thermal performance testing is conducted to help manufacturers optimize the design of 

solar collectors and to allow consumers to compare the performance and cost-effectiveness of 

competing products [10]. Most countries or regions have developed national standards, based on 

the ASHRAE standard 93-2003 [9], with specific requirements for local conditions. More 
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recently, universal rating and test methods have been developed by the European Community 

(EU) in the International Standards Organization (ISO). A common feature of all these rating 

documents is the so-called basic Hottel, Willier, Bliss representation of solar collector thermal 

performance.   

The following summary of ASHRAE Standard 93-2003 is primarily based on the 

standard itself; with background information sourced from a review of test procedures conducted 

by the International Energy Agency [10], the textbook, “Solar Engineering of Thermal Processes” 

[9], and the paper written by Bliss on “The Derivations of Several "Plate-Efficiency Factors" 

Useful in the Design of Flat-Plate Solar Collectors” [28].   

2.1.1 Basic Thermal Model of a Solar Collector  

The so-called Hottel, Whillier and Bliss model is a simplified representation of solar 

collector thermal performance and does not include all parameters that affect efficiency. 

Variables not included are considered to represent second-order effects in most cases. The 

following is a summary of the derivation of the thermal model of a solar collector presented by 

Duffie and Beckman [27].  

Under the Hottel, Whillier and Bliss model of collector performance, the rate of energy 

extracted by heat transfer fluid circulating in a solar collector (  may be described by the rate 

of solar energy absorbed (S), minus losses to the surroundings ( ) and the rate of energy storage 

( ). Each of these variables is influenced by a complex set of heat transfer mechanisms 

including conduction, convection and radiation. Although detailed models have been developed 

to describe transient performance of various solar collectors, it is generally accepted that the net 

effect of transient operation over the course of a day or season is small and in most cases 
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negligible. Therefore it is common practice to express the thermal performance of a flat-plate 

solar collector operating under steady-state conditions.   

For steady-state conditions to exist; incident solar radiation on a collector must remain 

constant, the rate of energy storage must equal zero, and the rate of heat loss remain constant. 

Under these conditions, the rate of energy extracted by a collector should equal the energy 

absorbed minus energy lost to the solar collector surroundings.  

 The theoretical performance for a flat-plate solar collector under steady-state conditions 

can therefore be described by Eq. 2.1-1.  

⁄ 		     2.1-1 

Where:  

  = Rate of energy collected, W 

  = Aperture area of the solar collector, m2 

  = Rate of solar radiation incident to the collector per unit area, W/m2  

  = The effective transmittance-absorptance product of the case and absorber 

    = Heat loss coefficient of the collector, W/m2-°C 

   = Average temperature of the plate, °C 

    = Ambient air temperature, °C 

 

Usually, the mean absorber plate temperature is not known and the North American solar 

industry has found it more convenient to express thermal performance based on the inlet fluid 

temperature rather than the mean fluid temperature, as the inlet fluid temperature is usually 

known. 

 For the purposes of design however, it is possible to estimate the temperature 

distribution within conventional absorber plate of simple design.  A commonly used absorber 

design is one that uses a parallel “tube-and-sheet” configuration in a so-called “harp 
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configuration”.  From a simple one-dimensional heat transfer analysis between parallel tubes in 

the “tube-and-sheet configuration”, it is possible to derive an expression for the temperature 

distribution between tubes based on: fin length and thickness; material conductivity; and heat 

transfer rates. Therefore, if the temperature gradient in the flow direction is assumed to be 

negligible, the following expressions may be derived.   

 For the fin and tube arrangement shown in Fig. 1.2-1, the distance between the tubes is 

W, the tube diameter is D and the sheet thickness is δ. If the sheet material above the tube-to-

sheet bond is assumed to be at the same local base temperature, Tb, the region from the edge of 

the tube to the extremity of the fin (indicated in the figure as the region W-D/2) can be considered 

as a classical fin problem. Applying an energy balance over the fin element [27], including the 

radiant energy absorbed and adiabatic boundary conditions, the temperature at a discrete location 

can be calculated using Eq. 2.1-2. 

/
      2.1-2 

Where:  

  = Discrete location along fin 

 =  

 

By applying Fourier’s law at the fin base, the energy conducted to the tube per unit length 

in the flow direction can be calculated. Using the concept of fin efficiency, Eq. 2.1-3, to rewrite 

the result yields Eq. 2.1-4. This fin efficiency for straight fins with rectangular profiles is plotted 

in Fig. 2.1-1.  

	
       2.1-3 



 

21 

 

Which leads to the expression for heat flux per unit length of fin (and tube), q’fin, i.e.,  

′     2.1-4 

Where: 

  = Base temperature, °C 

 

 

Fig. 2.1-1: Fin efficiency for tube and sheet solar collectors [27] 

 

The energy conducted along the fin must be transferred to the fluid, through the bond and 

the tube-to-fluid resistances. The tube to fluid resistance depends on the heat transfer coefficient 

of the fluid at the tube wall, which is dependent on the flow rate and fluid properties. Therefore, 

the useful gain of energy is as expressed in Eq. 2.1-5. 
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′         2.1-5 

Where:  

  = Heat transfer coefficient on the inside of the tube, W/m2K 

 = Bond conductance based on a per unit length (estimated from the thermal  .  
...conductivity, bond thickness and bond width), W/m·K 

  = local fluid temperature, °C 

 

By eliminating the bond temperature from Eq. 2.1-5, an expression for the useful gain in 

terms of known dimensions can be achieved. Solving Eq. 2.1-5 and substituting it into Eq. 2.1-4 

yields Eq. 2.1-6.  Equation 2.1-6  is important as it allows for the collected energy to be expressed 

in known terms and therefore estimated.  

⁄ ′     2.1-6 

	      2.1-7 

Where:  

′ = Collector efficiency factor 

 

The collector efficiency factor is a function of the physical dimensions and construction 

details of the absorber plate. It accounts for the variation in temperature of the plate to that of the 

local fluid temperature. It is a representation of the useful energy gain to the energy gain that 

would result if the absorber surface was at a uniform fluid temperature. Values of collector 

efficiency factor have been presented graphically by Duffie and Beckman [27] and are shown in   

Fig. 2.1-2 illustrating the effects of various design parameters on the magnitude of F’.  
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Fig. 2.1-2: Collector efficiency factor vs. tube spacing for 10mm diameter tubes with a 
convective heat transfer coefficient of 100 W/m2C [27] 
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It is often convenient to substitute the mean fluid temperature, Tfm, in place of the local 

fluid temperature in Eq. 2.1-4 for cases where the variation fluid temperature along the tube is 

low, and Tfm can be approximated from the average of the inlet and outlet temperatures of the 

solar collector (which can be measured).  In such cases the collected energy per unit area can be 

represented using Eq. 2.1-8.  

⁄ ′     2.1-8 

In cases were the local fluid temperature varies significantly from the inlet to the outlet of 

the solar collector, the use of mean fluid temperature, Tfm, may lead to errors. In addition, the 

outlet temperature of the solar collector depends on the rate of heat collection of the solar 

collector.  In such cases it, it is convenient to express the rate of collected energy per unit area 

based on the inlet fluid temperature and introduce an alternative factor to account for the 

temperature distribution along the flow direction. Referred to as the collector heat removal factor, 

FR, it may be derived from an energy balance performed on a differential element of tube in the 

flow (i.e., “Y”) direction, Fig. 2.1-3.  In this case, the increase in temperature in the direction of 

flow results from the energy gain per unit flow length described by Eq. 2.1-6.  An energy balance 

for a discrete fluid element gives Eq.  2.1-9. 

 

Fig. 2.1-3: Energy balance of a discrete fluid element [27] 

 

| | ∆ ∆ 0      2.1-9 
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Where:  

  = Mass flow rate, kg/s 

 

Dividing through by	∆ , and finding the limit as ∆  approaches zero while substituting 

Eq. 2.1-6, yields Eq. 2.1-10. If F’ and UL are independent of position, then the fluid temperature 

can be estimated using Eq. 2.1-11.  

′ 0     2.1-10 

exp	       2.1-11 

 

The collector heat removal factor, FR, relates the useful energy gain of a collector, to the 

theoretical gain if the whole collector surface was at the inlet fluid temperature. The heat removal 

factor (Eq. 2.1-12) is a term that related the actual useful energy gain of a collector to the useful 

gain if the whole collector were at the fluid inlet temperature. It is a function of the collector 

efficiency factor and the collector flow rate. This factor can be evaluated analytically from basic 

principles or measured experimentally. It is used to account for the increase of heat transfer fluid 

temperature in the direction of flow,  

1 exp	       2.1-12 

⁄       2.1-13 

Where:  

  = Collector heat removal factor 

  = Inlet fluid temperature, °C 
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The effect of collector flow rate on the heat removal factor for a typical flat-plate solar 

collector is illustrated in Fig. 2.1-4. 

 

Fig. 2.1-4: Effect of collector flow rate on heat removal factor for a typical flat plate solar 
collector [10] 

Dividing both sides of Eq. 2.1-12 by GT, we arrive at an expression for solar collector 

efficiency, i.e.,  

⁄ /       2.1-14 

or  

/       2.1-15 

 

It is evident from the above expression that the thermal performance of a flat plate solar 

collector (i.e., its conversion efficiency from solar radiation to heat) can be represented as a linear 

expression involving two coefficients, i.e., FR()e and FRUL.  When values of collector 

efficiency,  are plotted (as the ordinate) against the abscissa variable, (Tfi -Ta)/G, the ordinate 

intercept of the curve is the FR()e and the slope of the curve is the negative of the FRUL value. A 

number of assumptions are explicit in this simple representation of solar collector performance as 

shown in Fig. 2.1-5, e.g., the value of FR and UL are constant and independent of the values of (Tfi 



 

27 

 

-Ta)/G. In addition, as shown, it does not explicitly account for the directional effects of incident 

solar radiation on the optical properties of the solar collector as represented by the ()e term. 

During normal operation, these variables are not fixed but vary to a certain degree 

depending of the design of the solar collector and the rate of heat loss from the top surface of the 

solar collector. Heat loss from the solar collector depends on: wind induced or natural, 

convection; the characteristics of the incident solar radiation, e.g., direction and fraction of 

diffuse solar radiation incident of the solar collector; and any temperature dependent variables 

associated with the heat transfer processes in the solar collector and absorber. 

A slightly improved form of the simple HWB solar collector model, that is widely used in 

the industry [29], is based on a further assumption that dependence of solar collector overall heat 

loss coefficient of the collector, UL, can be represented as a linear function of (Tfi -Ta), i.e., 

 

                                                        2.1-16 

 

Substituting this expression in to the previous HWB expression for collector efficiency 

and letting, FR()e=A gives 

 

/ 	 /         2.1-17 

           

This form of the performance equation better represents the non-linear dependencies of 

the heat loss characteristics of a solar collector with increasing absorber plate temperature but still 

is based on fairly basic assumptions. A complete description of the limitations and underlying of 

simplified thermal performance representation is given by Harrison [30]. 
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Fig. 2.1-5: Linear solar collector performance based on fluid inlet temperature [10] 

2.1.2 Estimating Solar Collector Thermal Efficiency 

The efficiency of a particular solar collector can be estimated from a detailed analysis of 

the optical and thermal properties of the components; however, it is standard practice to 

determine the performance of commercial solar collectors by experimental testing under 

controlled standard conditions.  Random samples are usually selected from a production line for 

experimental evaluation according to a standardized testing procedure.  Many test protocols exist 

both in national and international product standards [25, 29, 31, 32] however all are based on the 

standard thermal performance test as outlined by the American Society of Heating, Refrigerating 

and Air-Conditioning Engineers (ASHRAE) [25].  
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2.1.2.1 Experimental Testing to Determine Thermal Performance Characteristics 

A standard thermal performance test procedure was developed in conjunction with the 

American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) [9] is 

composed of three main components: 

1. An experimental measurement of steady-state solar collector thermal efficiency 

measured under for a range of fluid inlet temperatures.   

2. Incidence Angle Modifier – A measurement of the variation in thermal output as 

function of the effective angle of beam solar radiation striking the solar collector.  

3. Collector time constant - a measurement of the transient response of the solar 

collector to a sudden change is solar radiation intensity. 

Item 3 address the response of the solar collector to varying solar radiation conditions 

that might occur during scattered cloudy days or at startup in the morning. Item 2 addresses the 

optical response of the solar collector that occurs as the sun moves across the sky during the day 

and the changing characteristics of the sunlight (e.g., overcast diffuse, reflected or direct–beam). 

Item 1 provides a measure of the rate conversion of sunlight to usable thermal energy (i.e., 

thermal efficiency); measured under stable operational and environmental conditions.    

The thermal efficiency test is normally conducted under a specified range of conditions 

that include: a fixed heat-transfer fluid flow rate; steady, high-level (>900 W/m2) direct-normal 

solar radiation; steady and specified surrounding ambient air temperature and wind speed 

conditions.  Although a collector may be tested outdoors in a specialized test loop Fig. 2.1-7,  for 

practical reasons this test sequence is most commonly applied by placing the solar collector under 

test in an environmental chamber where solar radiation, air-temperature and effective wind speed 

can be controlled according to the specified test procedure.  A complete test sequence consists of 
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measuring the collector thermal output at specified heat transfer fluid inlet-temperature conditions 

ranging from a value equal to the surrounding air temperature to values 60 to 80o C above. The 

experimental data are analyzed and discrete values of thermal efficiency are usually plotted 

against the corresponding values of the abscissa variable, (Tfi -Ta)/G.   Finally, a linear curve is 

fitted to the experimental data by the method of least-squares and values of the coefficients, i.e., 

FR()e and FRUL  are determined by the intercept and slope of the performance characteristic.  In 

cases where the value of UL   is not constant with increasing collector temperature, the non-linear 

performance characteristic, Eq. 2.1-17, may be fit to the experimental data and the solar collector 

efficiency characterized in terms of the three coefficients (A, B, C).  A typical experimental data 

set and performance characteristic is shown in Fig. 2.1-6  including the performance plot fit by 

the method of least squares [33]. 

Experimentally derived solar collector test results, such as shown in Fig. 2.1-6, provide a 

repeatable and standardized source of “as-built” thermal performance ratings that allow users to 

directly compare competing products and allow system designers to predict the performance of 

complete solar systems operating under various environmental and operating conditions. As well, 

these performance characteristics also allow collector designers to validate component computer 

modeling and performance.  For example if the optical properties of a particular solar collector 

(i.e., ()e) is known then the value of FR for a particular collector design can be determined.  In a 

similar fashion, values of overall heat loss coefficient, UL, can be inferred from the slope of the 

performance curve.  This approach will be applied in later chapters to evaluate the performance of 

the proposed solar collector absorber configuration. 
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Fig. 2.1-6: Experimentally measured solar collector efficiency values. Values measured 
according to ASHRAE Test Procedure [25] at the Canadian National Solar Test 
Facility (NSTF)  

 

Fig. 2.1-7: Example schematic of test rig configuration used for thermal characterization 
tests [9]  
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2.2 Absorber Optimization through Plate Design and Cost Reduction  

2.2.1 Material Savings 

Minimizing the cost of materials is a critical factor in reducing the payback period of a 

solar system. This can be achieved through the selection of lower cost alternatives, provided 

efficiency of the collector is not reduced or compromised to such an extent that it offsets any 

potential cost reduction. Material savings can also be achieved through the optimization of 

material already present. 

The theoretical effect of the thermal conductivity of the absorber plate has been studied 

extensively by Shariah et al [34]. The characteristic factors of fin effiency, collecter efficiency 

and heat removal  factor are strongly dependent on the thermal conducivity of the material in the 

range of 10-100 W/m°C, as demonstrated in Fig. 2.2-1.  As the thermal conductivity of the 

material exceeds 150 W/m°C, the effect on collector efficiency becomes less substaintial. The 

authors investigated the effect of changing the absorber plate of a typical solar collector from 

aluminum to copper. The results indicated a gain of only 1-3 percent in annual solar fraction , 

making the benefits questionable. They concluded that copper should only be used in lieu of 

aluminum if other factors, such as corrosion, are of concern [34].   
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Fig. 2.2-1: Variation of collector characteristic factors as a function of thermal conductivity 
of the absorber plate [34] 
 

Similarly, Eisenmann et al. [35] have studied the correlation between material content of 

the absorber and collector efficiency factor (F’). The results indicate an absorber with an 

efficiency factor of 90% or higher could potentially have material savings of around 25% without 

any significant degradation of the collector efficiency factor. These savings are achieved by 

adjusting the absorber plate thickness, tube spacing or channel arrangements [35].  Fig. 2.2-2 

summarized the results for a parallel flat-plate collector in the form of a nomograph design tool.  
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Fig. 2.2-2: Correlations between absorber plate thickness (δ), material content (Z), tube 
distance (w) and collector efficiency factor for a copper absorber [35] 

2.2.2 Material Savings and Optimum Fin Geometry 

Kundu at the Jalpaiguri Government Engineering College in India conducted a 

comparative study on the performance and optimization of several fin profile shapes [36]. The 

results of the study indicate that a trapezoidal profile provides the highest efficiency, with the 

least amount of material. However, as an alternative, a rectangular profile with a step-wise 

change in local thickness is recommended as it provides good performance but with a 
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significantly lower projected fabrication cost.  Viorel Badescu [37] confirmed Kundu’s findings 

and also further refined the fin optimization. Badescu’s study used local meteorological data, and 

a computation of the necessary collector surface area to determine the optimum width and 

thickness of the fin to produce a collector plate of a size and shape that result in minimal cost per 

unit of useful heat flux. The results indicate a fin cross section based on the shape of an isosceles 

triangle would be the optimum balance in terms of material cost and efficiency.  

With regard to determining the maximum benefit of material use when looking at system 

payback, Al-Nirm, Kiwan and Al-Alwah [38] provide a formula which can be used to optimize 

the size, or more specifically the length, of a conventional solar collector by maximizing the ratio 

of energy absorbed to system cost and consequently payback period. For a typical system with an 

F’ value of 0.88 it is recommended that the optimum length of a 1 meter wide collector be 5 

meters, when excluding the cost of the collector from the system price. For a system including the 

cost of the collector, the optimal length remains longer as illustrated in Fig. 2.2-3. Significant 

gains in the savings cost ratio were observed from 1 to 3 meters.  It was recommended to ensure 

that the collector was of sufficient length to ensure a good ratio of material savings and system 

efficiency.  
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Fig. 2.2-3: Variation of the savings cost ratio with collector length (Ci - Initial cost including 
all components Cs - Initial cost of the solar system excluding the collector cost) 
[38] 

2.2.3 Structural Hydraulic Configuration  

As previously mentioned, historically the primary hydraulic configuration used for 

absorber plates has been based on fin and tube construction in serpentine (i.e., meander) and 

parallel flow (i.e., harp) configurations. Initial experimental work, testing collectors under 

identical conditions, suggested a parallel-flow harp configuration collector had superior 

performance to a serpentine design [39].  

A contrasting study at the state university of San Diego was conducted to numerically 

compare the thermal efficiency of both parallel and serpentine flow channel arrangements [40]. 

Combining the work of Zhang [41], characterizing the performance of a serpentine absorber, and 

Lund [42], characterizing thermal performance of a parallel flow absorber, the study indicated 

that a serpentine flow arrangement was more effective thermally than that of a parallel flow 
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arrangement. The efficiency gains were related to the higher losses of the parallel absorber, which 

are a consequence of the predicted higher panel temperature. These effects can be substantially 

reduced by adjusting collector flow rate and surface coatings to reduce collector losses [40], 

therefore much care should be taken to define the operating conditions for a collector to ensure 

high efficiency.  

As the thermal performance of absorber plates is dependent on the local internal flow rate 

of the heat transfer fluid, much work has been completed to optimize the flow within parallel 

flow absorbers. Initial work completed by Jones and Lior [43] developed a discrete hydrodynamic 

model of a typical parallel absorbers (two manifolds connected by a number of parallel riser 

tubes). Using this model the authors evaluated the impact of design variables on the flow 

distribution of various absorber configurations including the standard reverse-return or 

Tichelmann configuration (See Fig. 2.2-4).  

 

Fig. 2.2-4:  Schematic of a "reverse-return" (i.e., Tichelmann, or Z configuration) parallel 
flow arrangement used to promote uniform flow distributions in "Harp" 
configuration absorber plates 

 

The authors concluded that the ratio of the riser to the manifold diameters has a major 

influence on the flow maldistribution. They recommended that this ratio should be maintained as 
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small as possible to promote even flow distribution. Similarly, it was shown that the number of 

the risers also has a strong influence on the flow distribution which was shown to increase with 

the square of the number of risers.  The effect of other factors such as the distance between risers, 

and the ratio of the length to the diameter of a riser was found to be less significant. However, as 

a limiting case, Jones and Lior’s model clearly demonstrated that the flow distribution increases 

in uniformity as the pressure drop in the risers becomes large relative to the inertial and frictional 

pressure changes within the manifolds [43].   

 

Fig. 2.2-5:  Schematic of a “Ω-configuration” flow arrangement absorber plate 

 

More recent studies, such as the work completed at the Technical University of Denmark 

[44], have utilized computational fluid dynamics to determine and optimize pressure drop, flow 

distribution and heat transfer in parallel-flow absorber arrangements. Other studies have also been 

completed to investigate new parallel flow arrangements. One such study conducted at the 

Australian Institute of Technology [45] investigated an ‘Ω-configuration’ (See Fig. 2.2-5). In this 

configuration fluid flow enters one manifold and is distributed over half of the risers pipes. As the 

upper manifold is blocked in the middle, this causes the lower manifold to operate as both a 

collecting and distributing manifold. Fig. 2.2-6 illustrates this configuration and demonstrates the 

expected pressure distribution. Unlike other parallel configurations, the Ω-configuration’ 

Upper header is crimped at the ‘x’ 
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demonstrated even flow at very low flow rates. Flow maldistribution increased strongly with flow 

rate, and therefore was considered impractical for commercial settings where higher flow rates 

are required [45].  In large solar collector arrays, this configuration will also result in high 

pressure-drops as the individual solar collectors will be connected in a series.  

 

Fig. 2.2-6: Ω -Configuration pressure drop distribution for 0.93 l/minute [45] 

The benefits of a tubeless absorber plate designs have also been investigated. Unlike 

conventional absorber designs, this configuration does not require tubes to be welded or pressed 

to a flat-plate. Two parallel plates are welded or bonded together allowing the heat transfer fluid 

to be in direct contact with the fin. Early work conducted by Tamimi [14], suggests that this 

configuration significantly reduces the internal thermal resistance and consequently efficiency is 

expected to be higher. The author speculated that this design should provide a more economical 

solution than a conventional flat-plate collector [14].  

 Considerable work has also been completed to model, characterize and maximize the 

benefits of an integral flow passage design as described above. Alvarez et al. [46] developed a 

finite element analysis tool that was validated against experimental results, to determine the key 

characteristic parameters for a solar collector. Their findings showed a strong correlation between 
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collector efficiency and hydraulic design.  Specifically they recommended that collector absorber 

should have large wetted areas [46].  

Other studies have attempted to optimize narrow-duct absorbers in terms of the heat 

gained by the collector compared to the primary energy consumed by the pump to overcome the 

pressure drop of the collector. Collector efficiency is closely coupled with channel height, for 

narrow duct absorbers as demonstrated in Fig. 2.2-7 where absorber efficiency factor is plotted 

versus duct height for various solar irradiance levels [47]. As the duct height is decreased to 

increase collector efficiency factor, the duct pressure drop and the power required to move the 

heat transfer fluid increases. As illustrated in Fig. 2.2-8, it was observed that duct heights should 

be in the range of 1 to 3 mm [47]. 

 

Fig. 2.2-7: Collector efficiency factor for narrow duct absorbers with varying duct height 
[47] 
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Fig. 2.2-8: Heat flow gain plotted versus duct height for water as the heat transfer fluid. 
Dashed lines indicate low flow conditions, and solid lines indicate high flow 
conditions.  Curves are denoted by the absorbed solar radiation and the 
temperature difference. Arrows indicate optimal duct heights for low and high 
flow conditions. [47] 

 

Most recently, the Fraunhofer Institute for Solar Energy Systems initiated research on 

low pressure drop integral flow-passage absorbers manufactured using roll-bonded aluminum or 

hydro formed steel. The goal of the project was to develop a fractal-like arrangement of flow 

channels that promoted a uniform flow distribution and extremely low pressure drop. To date, the 

study has developed absorbers with extremely low pressure drop however uniform flow has still 

not been achieved [48]. 

The effect changes in design have on thermal efficiency and pressure drop of were 

evaluated as part of the work conducted at the Institute for Solar Energy Systems. A numerical 

study was carried out on five designs with different channel cross sections (See Fig. 2.2-9). Each 

of these absorbers designs were tested under similar conditions, with the cross sectional area, 
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thermal conductivity, sheet thickness between channels, overall heat transfer coefficient, absorber 

size, heat transfer fluid and mass flow rate maintained to ensure consistency. Fig. 2.2-10 

illustrates the calculated pressure drop and collector efficiency for the five designs tested under 

the described conditions. 

 

Fig. 2.2-9: Absorber designs with different types of channel cross sections studied at the 
Fraunhofer Institute for Solar Energy Systems [49] 

It was concluded from this study, that the optimal design configuration is a larger number 

of channels with nearly circular cross sections (i.e., design 1). Although, other designs could 

achieve higher collector efficiency factors, it was thought that the additional pump power 

required to overcome the hydraulic losses was not offset by the small increase in thermal 

efficiency and therefore could not be justified. The gap design (i.e., configuration 5 above - the 

fully wetted flow passage formed between two parallel flat sheets) should only be used if a large 

volume and thus a larger thermal capacity can be accepted. Much work would need to be 
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completed to generate a system with uniform flow distribution and panel rigidity to avoid 

deformation from internal working pressures [49]. 

 

Fig. 2.2-10: (Top) Calculated pressure drop for different types of cross section and different 
channel distances (bottom) Calculated collector efficiency factor F' for different 
.types of cross section and different channel distances [49] 
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2.2.4 Durability Considerations in Absorber Plate Design 

The durability of a solar absorber is as important as its efficiency to increase system 

payback and reduce overall lifetime cost.   

Numerous studies have been conducted to determine the effect of aging on collectors.  

One of primary causes of system failure is condensate in the collector [50, 51].  Moisture within 

the collector can have detrimental effects, particularly in respect to corrosion of the solar absorber 

surfaces [52]. To reduce these effects, it is recommended that collectors not be air or water tight.  

Köhl, Kübler and Heck suggest a means to optimize ventilation of the collector box to protect the 

absorber plate while maintaining high efficiency [53].  It is critically important to test a material’s 

long term durability in various types of environments [54].  

 The collector longevity will remain outside the scope of this work.  
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Chapter 3 
 

Absorber Configuration Selection and Manufacturing Process 
Description 

3.1 Initial Absorber Concepts 

From the outset of this project it was determined that it would be necessary to collaborate 

with an industry partner to manufacture the solar absorber. The expertise at Novelis™ in 

corrosion resistant materials, including Fusion Clad™ aluminum (See Section 1.2.3 for further 

information), and production techniques made an ideal partnership. Consequently, a partnership 

between Queen’s University’s Solar Calorimetry Laboratory and Novelis™ was formed to 

collaborate in the absorber development.  

A number of unique design options were presented at a joint “brainstorming” meeting 

held between Novelis™ and the Queen’s personnel. During this meeting a number of the designs 

were presented, discussed and refined. The common element in all designs, however, was the 

utilization of Fusion Clad™ aluminum.  Fusion Clad™ aluminum resists corrosion and removes 

the need to use copper to contain the heat transfer fluid and therefore allows the collector plate to 

come in direct contact with the fluid without serious risk of corrosion. This reduces the thermal 

resistance from the plate to the fluid and increases the efficiency of the system [55], but more 

importantly, it eliminates the use of copper which leads to lower cost.  

Clad-aluminum allows for innovative methods of manufacturing to be considered. Rather 

than laser welding a copper tube to an aluminum collector sheet, two sheets of aluminum can be 

roll-bonded together or potentially “glued”. This method of attaching two sheets of aluminum 

together, allows for unique profile shapes for the fin to be easily manufactured. Profile shapes 

such as trapezoidal or rectangular profiles with step changes in local thickness have superior heat 
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transfer characteristics when compared to a standard rectangular fin [56]. The fin could be further 

optimized by minimizing the cost per unit of useful heat flux, when considering the optimal shape 

[57].  

Additionally if glued, the material attached to the back of the collector plate could be an 

alternative material, such as plastic. This could reduce the cost of the absorber further. With these 

concepts in mind, 3 simple designs were proposed and evaluated against the criteria outlined in 

Table 1.3-1. 

The first design proposed was that of an aluminum fin with an aluminum flow channel 

attached to the back of it. The flow channel could be comprised of a separate tube, or as a sheet 

attached to the back side to create a flow passage. The second was an aluminum fin with a plastic 

flow channel glued to the back. Finally the third design to be investigated was that of a roll-bond 

absorber panel. Fig. 3.1-1, illustrates these three concepts.  

 

Fig. 3.1-1: Cross sectional representation of proposed design concepts 

 

As an initial comparison, the predicted collector efficiency was calculated for all three 

design concepts based on the tools provided by Duffie and Beckman [9] (as discussed in Chapter 
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2 of this document). Table 3.1-1 outlines the baseline criteria used, however assumptions were 

made on the relative bond conductance (i.e, Design 1 was modeled as a classical fin and tube 

arrangement and therefore was assumed to have a bond conductance), and the surface area within 

the fluid channel (Design 2 was assumed to have a smaller internal surface area and consequently 

a reduced convective heat transfer coefficient). Table 3.1-2 outlines the estimated collector 

efficiency factors as calculated according to Eq. 2.1-7.  

Table 3.1-1: Baseline conditions used for collector efficiency calculation 

Dimension / 
Condition 

Description Value Units 

W Distance between flow channels  0.08 m 
Tfluid Temperature of fluid within channel 25 °C 

Tambient Temperature of the atmosphere 15 °C 
h 
 

Heat transfer coefficient within pipe – directly proportional 
to mass flow rate 700 W/m2C 

UL Top loss transfer coefficient 5 W/m2C 
k Conductivity of aluminum  237 W/mK 
ɛ Emissivity 0.05 - 
α Absorptivity 0.95 - 

 

Table 3.1-2: Baseline comparison of collector efficiency F' 

Design Collector Efficiency Factor, F’ 

Design 1 0.968 
Design 2 0.936 
Design 3 0.976 

Alanod/ EnerWorks™  0.975 
 

Although both design 1 and 2 present viable absorber technologies, they did not meet the 

project criteria outlined in Chapter 1. In particular the plastic flow channel attachment to the 

absorber plate, integral to Design 2, may be subject to failure over time and therefore was 
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rejected. Finally, the manufacturing process required for designs 1 and 2 was likely to require a 

batch process and thus was unlikely to reduce the manufacturing time or cost sufficiently to 

enable them to be viable options.  

Conversely, a roll-bond panel allows for the key design requirements outlined in Section 

1.3 to be met, including the potential of using a continuous manufacturing process that could lead 

to reduced cost (as discussed in Section 3.2). It also eliminates the need to use copper, with the 

result that material costs would be considerably less. It has the potential to improve overall 

system efficiency, by reducing pressure drop and increasing absorber efficiency.  The inherent 

geometry of the flow channels formed directly into the absorber plate and not bonded, or attached 

to it, eliminates the thermal resistance associated with traditional tube to absorber sheet designs.  

The net result is that bond conductance (or contact resistance) at the tube to absorber fin 

attachment point is eliminated.  This results in an increase of the collector efficiency factor F’ and 

therefore, overall collector performance. The use of Fusion Clad™ aluminum should also allow 

for the current product life cycle to be maintained. Consequently Design 3 was selected for 

further investigation by members of the design team. The following subsections will discuss 

information on the manufacturing process and the selected design approach.  

3.2 Roll-bond Manufacturing Process 

Roll-bonding manufacturing has been used for decades as a means to manufacture 

evaporators for domestic refrigerators. Evaporator panels share a number of similarities with 

absorber panels used in solar systems. As such, roll bonded solar absorbers have been previously 

manufactured for use in solar water heating systems. These early designs consisted of basic, 

somewhat crude configurations that were generally not designed based on optimized flow or heat 
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transfer characteristics. These early designs did not use corrosion resistant clad aluminum, and 

consequently, their lifetime was severely limited.  

Regardless of these limitations, the roll bonding manufacturing process is versatile, rapid 

and potentially inexpensive.  It provides a platform for easily configuring “optimized” flow and 

heat transfer arrangements. The development of a corrosion resistant  all-aluminum roll-bond 

absorber a significant technical development, that would bring a host of thermal, hydraulic, cost 

and environmental benefits. In addition, the relatively low set-up and tooling costs will allow for 

easy design modifications and future location specific absorber designs. 

The roll bonding process is based on the phenomenon of fusion by adhesion. Two 

materials can be fused into one solid piece by rolling them together at high pressure and 

temperature causing a bond on the atomic level [24]. For this fusion to occur, surfaces must be 

clean so that they can be rolled together at an interatomic distances.  

The use of an anti-adhesive product or a desponding ink (commonly a graphitic ink) 

allows for the formation of internal flow passages. The ink is applied to one of the two sheets in a 

specified pattern prior to the rolling process. Once bonded, pressure can be applied internally to 

the un-bonded section allowing for the inflation of the flow passages. These passages will match 

the pattern of lubricant applied, whilst creating a similar pattern on the plate’s external surfaces 

[58]. The generalized process has been illustrated in Fig. 3.2-1. A photograph of a refrigerator 

evaporator constructed with this process is illustrated in Fig. 3.2-2.  
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Fig. 3.2-1: Roll-bonding Process Flow Sheet [59] 

 

 

 

Fig. 3.2-2: Typical Roll-Bond Evaporator Panel [60] 

 

The inflation component of the manufacturing process can be modified to allow for 

several internal flow passage geometries to be produced.  Two types of inflation will be discussed 

here, i.e., constrained and unconstrained inflation.  

For a constrained inflation, the absorber panel will be restrained in some manner. For 

example, during the initial inflation process, one side of the panel can be constrained to produce 
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single-sided inflation as illustrated in Fig. 3.2-3. Similarly, if no constraint is applied, the 

absorber panel would inflate in both directions.  

 

 

Fig. 3.2-3: Single (top) and Double (bottom) sided inflation geometry produced through the 
use of a constraint, as indicated by the arrows, during the inflation process 

 

Both sides of the panel can be constrained at an offset to produce the geometry shown in 

Fig. 3.2-4. This is a commonly manufactured geometry as it produces consistent results, 

particularly when the use of a die is employed.   

 

 

Fig. 3.2-4: Typical manufactured roll-bond panel, utilizing double sided partially 
constrained inflation 
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3.3 Detailed Approach  

The general approach followed in this thesis was outlined in Chapter 1, Section 1.5. 

Based on the review of concepts presented in Section 3.1, a more detailed approach was 

formulated to develop, refine and evaluate potential of the roll-bonding concept. This is described 

below.    

The development of a new roll-bonded panel offers the opportunity to redefine the 

conventional hydraulic configurations used in most currently manufactured absorber panels.  This 

manufacturing process offers the ability to produce an unlimited number of hydraulic 

configurations, and presents the opportunity for a CFD-assisted design analysis similar to the 

approach developed at Fraunhoffer [61].  

The final design approach followed, to ensure the objectives of the study (as outlined in 

Chapter 1) were achieved, consisted of four phases. These phases are outlined below and depicted 

in Fig. 3.3-1. 

Phase 1: Background Research 

1. Review Existing Products 

a. Establish performance characteristics of a state of the art collector 

b. Review manufacturing techniques and materials used 

2. Review relevant literature including collector designs and modeling techniques 

Phase 2: Design and Evaluation of Mini-Collectors 

1. Test manufacturing constraints, hydraulic and thermal properties of roll-bonded 

absorbers using mini-collectors prototypes 

a. Produce specifications in CAD for manufacturing 

b. Model flow numerically within the absorber 

2. Perform experimental investigation of temperature, flow and pressure fields 

a. Verify hydraulic characteristics using infrared camera 

b. Perform a thermal collector test based on ASHRAE standard [25], for 

initial product comparison 
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3. Analyze test results 

a. Compare experimental fluid-flow to CFD model 

b. Review thermal performance characteristics and compare to 

EnerWorks™ product 

Phase 3: Full Size Collector Design and Evaluation 

1. Propose alternative configurations for full scale absorber based on knowledge 

gained from literature review and mini-collector trials 

a. Ensure proposed design is within manufacturing constraints 

b. Establish a 2D numerical model to optimize flow and heat transfer 

characteristics 

c. Generate a 3D CAD model of proposed absorber 

d. Validate design using CFD 

2. Manufacture full size absorber  

a. Perform experimental investigation of temperature flow and pressure 

fields to validate modeling and design techniques 

i. Test fluid-flow characteristics using thermal camera 

ii. Adjust panel for any inconsistencies  

b. Assemble full scale collector for testing 

i. Perform a collector test at National Solar Test Facility  

ii. Compare performance results to EnerWorks™ Collector 

Phase 4: Design Review 

1. Suggest design refinements based on knowledge gained from full size prototype 

2. Document work completed 
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Fig. 3.3-1: Flowchart depicting the detailed approach of this study 
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Chapter 4 

Design, Construction and Evaluation of Mini-Collector Prototypes 

4.1 Scope of Mini-Collector Study 

The mini-collector study was used as a development tool and proof of concept for the 

final design of the full size collector. In particular, the absorbers for the mini-collectors were 

designed to evaluate the manufacturing capabilities of the roll-bonding facility (located in Brazil), 

develop and refine hydraulic modeling techniques, and experimentally measure thermal 

characteristics of roll-bond absorbers.     

Five mini-absorber designs were initially produced to meet the requirements stated above 

and in particular to test inflation heights (including double or single-sided inflation, for improved 

aesthetic appeal), channel curvature, flow channel geometry and other geometric characteristics. 

These designs could also be used to determine the effect that the desponding ink and aluminum 

grade would have on the manufacturability and resulting geometric, thermal and corrosion 

characteristics of the final design. The impact on flow-channel geometry was noted; however 

corrosion characteristics were outside the scope of this study, as were economic considerations in 

the choice of desponding ink and aluminum selection.  

4.2 Proposed and Manufactured Mini-Collector Designs 

The mini-absorbers were designed to fit within a standard one by two foot mini-collector 

case produced by EnerWorks™. Therefore, the absorbers were constrained to 267 by 584 mm in 

size. As previously stated the original scope of the project was based on the manufacture and 

testing of five designs. Of the five initially proposed mini-collector design concepts, only two 

were ultimately selected to be manufactured (parallel and pin-cushion) due to limitations in time 



 

56 

 

and resources. Accordingly, many of the tests initially planned to be conducted during the mini-

panel trials were either cancelled or postponed until the first full size trial was completed.  

The five initially proposed designs are listed and the experimental purpose of the design 

briefly described in Table 4.2-1 below. Refer to Appendix E for more detailed documentation of 

these design concepts.  

Table 4.2-1: Initially Proposed Absorber Designs using Roll-Bond Manufacturing 

Collector Design Purpose 

Parallel 
Experimentally quantify the benefits of an integral flow channel over 
conventional “tube and sheet” design. Also used to measure the interior 
cross section of flow channels.  

Pin Cushion Experimentally determine inflation height, material thinning and 
maximum channel width. Also used as an investigation of panel rigidity. 

Serpentine 
Provide a direct comparison with current EnerWorks™ serpentine 
collector, while evaluating the manufacturing constraints and functionality 
of long radii flow passages.  

Organic 
Test the ability to reliably manufacture specific curved flow channels. 
Based on the Fraunhoffer FracTherm [61] concept used to obtain 
consistent even flow through parallel risers.  

Herring Bone Investigate an alternative design to the pin cushion, as it has a high wetted 
area but does not require large sections to be inflated.  

 

Of the two designs selected for manufacture, the pin-cushion design (Refer to Fig. 1.1-3) 

was selected as the primary mini-collector design to be fully investigated and was the first 

manufactured. This design was chosen as it provided the greatest number of geometrical shapes 

for investigation. It also provided an opportunity to evaluate the roll-bonding facility’s concerns 

over manufacturability of large interior cross sections. The large interior area of the pin-cushion 

absorber was expected to cause difficulty during the initial inflation process. Similarly, single-

sided inflation (Fig. 3.2-3) was eliminated from the trials since the increased manufacturing cost 

and hydraulic issues outweighed any aesthetic benefits. 
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A parallel flow (Refer to Fig. 1.2-3) mini-collector absorber was the second and final 

mini-collector to be manufactured. This panel was manufactured shortly before the full size trials 

started. It was used to verify the formation and geometry of parallel flow channels, as well as, to 

validate the predicted increase in panel rigidity and resistance to post inflation.  

All absorber panels manufactured at the roll bonding facility are inflated to a constrained 

height of 2-4mm. It was observed in the initial absorbers that low working pressures would result 

in a further inflation of the interior flow passage. This allowed for a greater hydraulic diameter, 

and increased panel rigidity to be achieved. Consequently post inflation experimentation was 

conducted. For further information see section 4.3.1.2 Internal Geometry Investigation. 
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4.3 Mini-Panel Investigations 

Both of the two prototype mini-absorbers were manufactured with inflation heights 

constrained in the range of 2 to 4mm and were fabricated from aluminum sheet resulting in a final 

rolled thickness of 0.7 or 0.9 mm.  All panels were produced using double-sided inflation from 

3003 grade aluminum and a graphitic desponding ink. The pin-cushion absorber was primarily 

used to test the manufacturing, hydraulic and thermal properties, while the parallel absorber was 

used to test manufacturing and hydraulic properties.  

The following subsections discuss the manufacturability, hydraulic and thermal 

investigations carried out on the absorber panels.  

4.3.1 Manufacturability  

The two mini-panel designs that were manufactured as described above were investigated 

to determine if the manufacturing process was appropriate for the production of full scale 

absorbers. Two primary investigations related to manufacturability were carried out. The first was 

to test the suitability of the absorber for use in a pressurized system, identifying absorber panel 

resistance to post inflation. The second was to gain an understanding of the interior flow passage 

geometry, which was used to improve modeling techniques critical in refining the design.  

4.3.1.1 Resistance to Post-Inflation 

The resistance to post-inflation study was conducted on both the pin-cushion and parallel-

flow absorbers to quantitatively determine the effect of above gauge working pressure, common 

in most solar systems.  
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 Experimental Procedure 4.3.1.1.1

The plastic deformation of the absorber panels was studied to determine the maximum 

working pressure before the panel failed. To evaluate the extent of deformation, the following,   

experimental apparatus and procedure was developed.  

Each absorber panel was marked in four different locations and initial height 

measurements were taken using calipers. Internal pressure was applied using an air source in 

conjunction with a regulator and a pressure gauge (as illustrated in Fig. 4.3-1). Once the desired 

internal pressure had been achieved, pressure was slowly released from the system. The absorber 

height at the predetermined locations were measured using the calipers and recorded. The 

increase in height represented the unconstrained plastic deformation.  

Qualitative observations were also made after each test. Care was taken to observe the 

outer edge of the panel. If the outer edge was sufficiently or severely distorted (as illustrated in 

Fig. 4.3-2) the internal seal within the collector casing will break, allowing airflow between the 

top and bottom surfaces. This airflow can be detrimental to the longevity of the absorber as well 

as system performance, as noted in studies conducted on older systems with this defect [7]. 
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Fig. 4.3-1: Absorber panel connected to pressure regulator and gauge undergoing a 
secondary (double) unconstrained inflation 

 

Fig. 4.3-2: Example of inflation failure due to buckling of absorber perimeter (perimeter 
was unconstrained)  
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 Results and Conclusions for Resistance to Post Inflation Studies 4.3.1.1.2

Both the pin-cushion and parallel absorber designs were tested for resistance to post 

inflation. Both absorbers used for this test had a material thickness of 0.7 mm and an initial 

inflation height of 3.6 mm. The deformations at four discrete locations were averaged to provide 

a single value expressed as average total deformation at various inflation pressures. See Fig. 4.3-3 

for results. 

 

Fig. 4.3-3: Plastic Deformation of roll-bond absorber panels produced from a simulated 
internal working pressure generated using air pressure 
 

Based on qualitative observation of the edge effects, the pin-cushion panel failed at an 

inflation pressure of 10 psi. Edge defects at this point became too large for a seal to be maintained 

around the edge of the absorber, Fig. 4.3-2.  
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The parallel absorber did not exhibit significant edge failure until a pressure of 30 psi was 

reached. Despite the significant increase in internal volume, the relatively uniform expansion 

diminished any edge effects. It was also observed that the rigidity of the panels was significantly 

increased post inflation, a potential benefit to a manufacturing process based on post inflation.  

4.3.1.2 Internal Geometry Investigation 

A comprehensive understanding of the geometric configuration within a roll-bond 

absorber plate is critical to the development of an accurate hydraulic model that can be used to 

guide the design process. Documentation provided by the manufacturing facility, did not provide 

adequate information on the predicted (as built) interior cross section (see Appendix D). 

Consequently an investigation of interior geometry was conducted for both the single-inflation 

(manufactured, constrained) and double- inflation (unconstrained, and partially constrained) 

absorbers.  

 Manufactured (Single Inflation) Interior Geometry 4.3.1.2.1

The first panel to be investigated was a single-inflation roll-bonded panel. This absorber 

was constructed using standard 3003 grade Aluminum with graphitic ink. The manufactured 

absorber had a final material thickness of 0.9 mm and was inflated to a constrained 3.5 mm. The 

panel was carefully cut and opened to view the interior cross section.  

The photographic image in Fig. 4.3-4 was taken using a specialized macro lens that 

allowed the interior cross section to be photographed and subsequently analyzed. The cross 

sectional area displayed is located between two dimples of the pin cushion absorber plate and is 

representative of an interior channel.  
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Fig. 4.3-4: Cross sectional view of pin-cushion mini-collector absorber plate after    
.constrained single-inflation, showing an internal channel height of 2.1 mm  
 

Based on a visual inspection and measurements with calipers, it was concluded that the 

interior cross section (shown in Fig. 4.3-4) could be approximated by an elongated octagon for 

the purpose of analyzing the fluid flow. This provides a reasonable representation of all sections 

investigated, with only the width of the channel varying between locations. The primary 

dimensions assigned to this cross section are shown in Fig. 4.3-5. The magnitude of the 

dimensions varies depending on the inflation process. Fig. 4.3-5 below outlines key dimensions 

and Table 4.3-1 outlines dimensions that are calculated for the purpose of modeling and those that 

must be measured.   
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Fig. 4.3-5: Interior geometry of single-inflation absorber channel 

 

Table 4.3-1: Typical post inflation dimension  

Key Dimension Appropriate Estimate or Measured Value Sample Value (mm) 
T Measured 0.9 
TI T/2 0.45 
W Measured 5 
WI W-2R 3 
R Measured (Generally ~ 2mm) 1 
H Measured 3.5 
HI H-T 2.6 

 

 Double Inflation Interior Geometry 4.3.1.2.2

Collectors exposed to high internal pressure can plastically deform to produce alternative 

interior cross sections, as demonstrated in the previous section. A geometric investigation was 

carried out on a parallel absorber constructed using 3003 aluminum with an initial constrained 

inflation of 3.5 mm and a material thickness of 0.9 mm. The collector was exposed to a secondary 

(unconstrained) inflation, resulting in the modification of the internal geometry.  

The secondary inflation was conducted by capping one end of the parallel absorber and 

applying an interior pressure of 75 psi (the maximum pressure achievable before significant 

detrimental deformation occurs). The absorber was cut and the resulting interior section 

investigated. Fig. 4.3-6 illustrates the interior cross section, while Fig. 4.3-7 outlines the key 
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dimensions. The secondary inflation resulted in observed “ballooning” of the panel, thus 

exhibiting plastic deformation had occurred.  

 

Fig. 4.3-6: Interior cross section after secondary inflation at 75 psi, edge defects present due 
to cutting process 

              

Fig. 4.3-7: Ideal interior geometry of double inflation absorber channel 

 

The interior geometry of an unconstrained absorber channel can be reasonably 

represented using two arcs with a swept distance of less than a half-circle. For the purposes of 

modeling, the sharp angle generated between these arcs poses a number of difficulties when using 

a coarse mesh. Therefore an alternative interior cross section consisting of an oval was selected 

for hydraulic modeling. Fig. 4.3-8 shows an exaggerated version generated for illustrative 

purposes. The cross-sectional area of the oval was calculated to ensure the hydraulic diameter or 

equivalent area match that of the swept arc geometry.  
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Fig. 4.3-8: Alternative interior geometry of double inflation absorber channel 

 Results and Conclusions for the Internal Geometry Investigation 4.3.1.2.3

The detrimental edge effects produced by post manufacturing inflation (as observed in 

Section 4.3.1.1), was a function of the displacement of material within the absorber. During an 

unconstrained inflation, the panel will draw material in from the outer edges to compensate for 

the increase in volume. To avoid this, the use of a die or an edge constraint can be employed (see 

Fig. 4.3-9); however this will cause thinning of the interior wall and therefore potentially 

compromise the material resistance to corrosion. The use of a die is also a costly addition to the 

manufacturing process and therefore will not be considered for the work herein.  

 

Fig. 4.3-9: Secondary inflation demonstrating the displacement of material to account for 
unconstrained and constrained inflation process; (A) unconstrained inflation 
drawing material in from outer edges (B) Partially constrained inflation resulting 
in thinning of interior wall 
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Double-inflation absorber panels offer a host of benefits over panels reserved to a single 

inflation. The larger interior cross section allows for a larger hydraulic diameter to be achieved 

resulting in a lower pressure drop and increased design flexibility.  The variation in geometry, the 

plastic deformation and consequential work hardening increases the absorber rigidity. This 

increase in rigidity, in turn, allows for higher working pressures to be achieved.  

In order to utilize the benefits of secondary (double) inflation, the ability to quantitatively 

predict the channel height and resulting absorber geometry becomes increasingly important. It 

was observed that the channel height achieved through secondary inflation was primarily 

correlated to channel width and not to material thickness or inflation pressure.  

Two concurrent studies were carried out to determine the correlation between channel 

width and potentially achievable channel height.  A theoretical study was conducted by a 

mathematical modeling and computer simulation expert [63] at the Novelis™ Global Technology 

Centre using ABAQUS (please see Appendix F for visual representation and sample results from 

ABAQUS), a unified finite element analysis software package [62]. Meanwhile an experimental 

study was conducted using the header of the parallel absorber. The absorber was exposed to a 

high interior pressure with the resulting cross section measured using calipers.  Data from both 

studies have been plotted in Fig. 4.3-10. 
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Fig. 4.3-10: Inflation height vs. channel width for numerical (simulated) [63] and 
experimental (measured) results  

The difference between the experimental and simulated results is likely attributable to the 

parameters included in the model. The model was developed based on a 2-dimensional cross 

section of the panel; conversely the experimental results are constrained in the third dimension. 

The experimental results were ultimately utilized for future designs as the primary hydraulic 

concern is that of the header which is constrained in the third dimension.  

4.3.2 Hydraulic Modeling and Experimental Results 

To conduct the CFD analysis of the flow distribution in the inflated absorber a model was 

developed using the commercial CFD code, ANSYS-FLUENT© software [64]. Computational 

fluid dynamics (CFD) allows for the modeling of fluid mechanics, heat transfer and other 

associated processes in a given environment, using numerical analysis techniques. The program 

numerically solves the Navier-Stokes Equations, producing estimates of the pressure and flow 
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distribution in the proposed absorber flow channels. For a review of the governing equations and 

modeling principles please refer to Appendix M. 

This section outlines the process that was followed to generate a working hydraulic CFD 

model of the pin-cushion absorber as well as the validation process.   

4.3.2.1 FLUENT Model Creation, Mesh Generation Assumptions and Results 

The manufactured mini-panel deviated from the original design submitted to the 

manufacturing facility, which resulted in challenges in developing an accurate dynamic fluid 

model. Consequently, a new CAD model was generated in Solid Edge using the measured 

geometric configuration discussed in Section 4.3.1.2. This model was meshed using techniques 

described in Appendix L, with varying grid densities. To verify grid resolution, an ultrafine, fine 

and course grid, varying from nearly 1,005,000 to 514,000 cells (based on tetrahedral hybrid and 

hexahedral sections) were tested.  Results produced with these grid densities were found to vary 

no more than +/- 2%. Consequently, all future models discussed used the coarse grid with a 

maximum allowable angular skewness of 0.85, as this mesh size was considered adequate.  

The finalized model of the pin cushion absorber mesh had a cell count of approximately 

514,000, with only the areas of fluid flow included. Heat transfer was not analyzed; consequently 

areas without fluid passing through were deleted from the system. Fig. 4.3-11 illustrates a cross 

section of the finalized hydraulic mesh and a close inspection of the area around a pin.  
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Fig. 4.3-11: Finalized tetrahedral hybrid absorber mesh and a close view of the mesh 
around a pin  
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 The meshed file was imported into FLUENT. A laminar model with energy equations 

enabled was employed. The absorber flow rate was scaled to match the flow rate per square meter 

of collector surface area of the current residential EnerWorks™ collector. Using Eq. 4.3-1 a flow 

rate of 60 ml/second was calculated to best represent that of the current EnerWorks™ system.  

 

												 	  4.3-1 

 

Using water as the working fluid, the resulting predicted fluid flow is illustrated in Fig. 

4.3-12. Note the two circled areas where stagnated flow occurred. In other areas of the collector, 

the flow was predicted to be relatively balanced, making this absorber design marginally suitable 

for test use as a thermal collector.  
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Fig. 4.3-12: Fluid flow results for pin cushion absorber panel using a laminar CFD model 
with a tetrahedral mesh. Red circles outline areas of stagnated flow. 

4.3.2.2 Flow Visualization Test 

A flow visualization test was conducted to allow for the validation of flow patterns 

predicted by FLUENT. CFD simulations are prone to numerical errors, and can also be affected 

by whether all boundary conditions, such as geometry and surface roughness, are correctly 

defined. 

The physical nature of the absorber panel prevents viewing or measuring inside if the 

functionality of the panel is to be maintained. Consequently, an experimental apparatus was 

designed to allow for visualization of the flow uniformity. By imposing a rapid change of the 
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fluid inlet temperature feeding an absorber sample it is possible to infer its flow distribution by 

observing the transient temperature distribution on the surface of the absorber. The transient 

response of the resulting temperature gradient can be observed using an infrared thermal camera. 

This method has been used effectively by Hermann et al. to evaluate tubeless absorber designs in 

the past [65]. 

 Apparatus Components and Construction 4.3.2.2.1

The experimental setup used to illustrate the flow pattern was constructed using a variety 

of components including a FLIR infrared camera, a positive displacement pump, two temperature 

baths, a beaker, a high accuracy scale and the absorber panel. The system schematic is illustrated 

in Fig. 4.3-13.   

The pin-cushion absorber panel with the least number of defects was selected for the test. 

This panel was previously used to produce an updated CAD drawing for the CFD model.  The 

absorber was prepared by coating the back surface using TremClad high heat enamel spray paint. 

This carbon based paint [66] allows for a matte, high emissivity surface (ε = 0.9) to be created 

[67]. This type of surface is ideal for observation with an infrared camera as the matte finish 

reduces thermal reflection and the high emissivity yields good accuracy. A thermocouple was 

also added to the collector surface. The thermocouple was placed to ensure the accuracy of the 

infrared camera through calibration, although results were ultimately not recorded.  
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Fig. 4.3-13: Flow visualization experimental apparatus 

 Water in the cold tank was maintained near room temperature, in the range of 10-20°C. 

Water in the hot tank was heated to 60°C using an electric element. Using a three way valve, the 

flow to the collector could be rapidly switched between hot and cold sources.   

Tests were conducted on the absorber with flow rates ranging from 57.1 mL/min to 1.2 

L/min.  Varying flow rates were used to observe the effects on the collector. The mass flow rate 

was measured using a beaker, a stopwatch and a high accuracy scale. Flow through the system 

was laminar, as described by the Reynolds number. For each test infrared images were captured 

at intervals ranging from 3 to 10 seconds.  

Table 4.3-2: Thermal Test Details 

Test # Flow Rate 
(mL/min)

Image Intervals 
(Seconds / Image) 

1 804.3 5 
2 1310.0 3 
3 943.1 10 
4 651.5 3, 5 
5 492.4 5 
6 205.8 5 
7 57.1 5 
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After each test had been completed, images were compiled using software to create an 

animated video.  This provided the ability to observe the transient changes in temperature and 

therefore the flow pattern in the absorber.  

 Results 4.3.2.2.2

Thermal test number seven will be primarily analyzed in this work. Although the other 

tests yielded interesting results, the goal of the collector test was to observe the flow uniformity at 

the scaled flow rate of 60 mL/m. As described in the previous section, a video animation was 

used to observe the fluid flow through the system. Two screen images have been included to 

illustrate the primary flow deficiencies observed. In the first thermal image (at the beginning of 

the test), evidence is shown of a stagnation point located at the lower left corner of the absorber. 

A similar mirrored-image stagnation point is illustrated in the second figure (at the end of the test) 

at the lower right portion of the absorber plate.  

   

Fig. 4.3-14: Flow visualization test of pin cushion collector 
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4.3.2.3 Model Evaluation  

The overall trend between computer simulated results and those observed in the flow 

visualization test were consistent. Based on this, the laminar model that was developed was 

thought to reasonably represent the overall hydraulic trends within the absorber. Therefore, it was 

decided that the computational fluid dynamics model would be used for guidance in formulating 

and evaluating further design concepts.  
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4.3.3 Thermal Performance Evaluation 

A thermal performance test was conducted to measure the thermal performance 

characteristics of the prototype (mini-collector) roll-bonded absorber. This test was the first 

opportunity to experimentally quantify the thermal benefits of using integral flow passages. The 

following subsections will discuss the construction of the testing apparatus as well as the results 

from the test.  

4.3.3.1 Absorber Preparation and Mini-Collector Construction 

The pin-cushion absorber panel used for hydraulic testing was also selected for use in the 

thermal performance test. The well characterized hydraulic configuration of this collector made it 

appropriate for testing, as relatively balanced flow was known to be present at higher flow rates.  

The absorber plate was coated with Solkote™ [68], a semi-selective paint with a high 

absorptivity and relatively low emissivity. This product has similar properties to Alanod™ (the 

selective surface used on the EnerWorks™ collector) but with higher emissivity values (as seen 

in Fig. 4.3-15). The values shown were measured at the Novelis™ research laboratory on samples 

prepared in-house and applied to different substrates. They are compared against the commercial 

absorbers manufactured by ALANOD (used by EnerWorks™ Inc). 
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Fig. 4.3-15: Emissivity of an Alanod™ absorber and a variety of Solkote™ covered 
absorber plates as tested by Christoph Fischer [69] 

 

Once coated, the collector was assembled using the same techniques as an EnerWorks™ 

commercial solar collector. The absorber plate was glued into a collector housing using black 

silicone aligned with the interior gasket. The collector housing selected for the outdoor collector 

test, was manufactured and provided by EnerWorks™. It was constructed using the same 

materials as used in the commercial collector product, and thus the collector should have an equal 

transmittance-absorptance product. The absorber plate fitment in the collector case is illustrated 

in Fig. 4.3-16. Insulation and an aluminum backing plate were added to seal the unit.  



 

79 

 

 

Fig. 4.3-16: Absorber plate installation within the mini-collector case 

4.3.3.2 Experimental Apparatus Construction 

An outdoor experimental test rig was constructed following requirements outlined in 

ASHRAE 93-2003 [25]. The test apparatus was assembled as a self-contained unit composed of a 

manual tracking frame, a positive displacement pump, a temperature bath, a differential 

thermopile (to measure fluid temperature rise across the test sample), and an outdoor weather 

station (to measure and track ambient temperature, prevailing winds and  a pyranometer to 

measure radiation incident on the collector surface.   

The collector was connected to a temperature bath with heavily insulated pipes to form a 

circulation loop.  The insulated pipes, in conjunction with the temperature bath, maintained a 

relatively constant fluid inlet temperature during the test sequences, despite the variable heat loss 

experienced as a result of the changing ambient conditions. The positive displacement pump was 

powered from a regulated DC power supply and allowed for consistent flow rates to be set and 

maintained. The flow configuration used is illustrated in Fig. 4.3-17 below.  
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Fig. 4.3-17: Detailed system schematic for mini-collector performance characterization test 

 

Fig. 4.3-18 illustrates the test apparatus and the equipment used to control the 

experiment.   

 
(A) 

 
(B) 

Fig. 4.3-18:  Solar Test Frame – A) Side view showing the supply temperature bath and B) 
front view of sample (prior to insulating) mounted on the test frame 
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4.3.3.3 Experimental Procedures and Results 

Throughout the test, the collector plane was maintained at an angle normal to the direct 

beam solar radiation. In order to properly characterize the performance of the collector according 

to ASME standards, four test points with varied inlet temperatures were required. Each one of 

these test points was constructed by sampling data every minute for 15 minutes and consisted of 

air temperature, incident solar radiation, inlet and outlet fluid temperatures and wind speed. Data 

from each test sequence were averaged to produce a single test point representing the selected 

inlet temperature.  The experimental procedure was performed twice. For both tests, a collector 

flow rate of 110 mL/min was used. Although the scaled flow mentioned in 4.3.2.2.1  could not be 

achieved due to limitations with the experimental apparatus, the slightly higher flow rate 

produced adequate results which could be later adjusted using techniques outlined in Duffie and 

Beckman [9].   

The first data set from the collector tests was discarded due to unsatisfactory variations in 

the test conditions. The variation in outlet temperatures ranged up to 10°C for a single inlet 

temperature. This was a result of the large edge losses associated with a mini-collector, which 

were exacerbated by the variation in wind speed experienced during this outdoor test. To reduce 

these effects, the collector was carefully insulated around the outside edge and along the gasket 

on the top as shown in Fig. 4.3-19.  
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Fig. 4.3-19: Mini-collector with additional insulation added to reduce edge loss effects 

 

With additional insulation added to the system, the outlet temperature was more stable, 

allowing for more representative data to be collected. At this point a full system characterization 

test was conducted. The resulting raw data are included in Appendix G and the Hottel, Whillier 

and Bliss efficiency graph was generated (see Fig. 4.3-20).  The intercept FR(τα) and the slope -

FRUL were calculated as 0.77 and -7.38 respectively.  

Error associated with the outdoor collector test will result from the measurement 

uncertainty, as well as, meteorological extremes.  This error will increase as the inlet fluid 

temperature becomes hotter, as observed in the spread of recorded data in Fig. 4.3-20. To reduce 

the error associated with this test, it was decided that the full scale testing of prototypes should be 

conducted at an indoor collector test facility where the meteorological extremes can be 

minimized.  
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Fig. 4.3-20: Hottel, Whillier and Bliss efficiency graph of the experimental collector 
efficiency for pin cushion mini-collector 

4.3.3.4 Discussion of Experimental Results and Comparison with Existing Product 

Ideally, test data should be measured at flow rates corresponding to those to be used in 

application. Unfortunately the above-mentioned limitations of the experimental apparatus 

prevented a low enough flow rate to be achieved. Consequently, an approximate analytical 

correction to FR(τα) and FRUL (as outlined by Duffie and Beckman [9]) was carried out, adjusting 

for the variation in flow rate.   

Fig. 4.3-21 presents a visual comparison of the pin-cushion collector results to that of the 

current residential EnerWorks™ system as tested by the SRCC [70].  
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Fig. 4.3-21: Pin Cushion Mini-Collector corrected to scaled flow rate for comparison to 
SRCC stated efficiency of EnerWorks™ collector [33] 

As demonstrated in Fig. 2.1-5 the intercept of a Hottel, Whillier and Bliss efficiency 

graph represents FR(τα). As similar materials were used for the case construction and absorber 

coatings, the transmittance-absorptance product of the EnerWorks™ collector and the Pin 

Cushion mini-collector should be similar, indicating the panels have a similar heat removal 

factor. The increased slope is a consequence of the increased heat losses within the mini-

collector.  Despite the added insulation around the outside edges, the collector still suffered from 

increased edge loss effects (relative to a full scale collector) and flow imbalances.  

The results from this collector test were encouraging. It was expected that with an 

improved hydraulic configuration and increased material thickness, a full size collector should 

exceed the thermal performance of the current residential product.  
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4.4 Summary of Results 

Information gathered during the mini-panel studies was useful. The panel exceeded all 

expectations and consequently a full-size trial was commissioned for construction and testing.  

The resistance to post-inflation experiment clearly outlined the importance of increasing 

material thickness and avoiding the use of any large interior cross sections. An increase from 0.7 

mm material thickness to 0.9 mm to facilitate manufacturing would still satisfy collector 

efficiency requirements and material savings requirements, without jeopardizing the suitability of 

this panel in terms of manufacturing requirements.  

 These design modifications are expected to allow for working pressures in excess of 50 

psi, a key requirement for the panel to be used in a residential setting. The proposed thickness of 

aluminum, although thicker than that used in the current  EnerWorks™ absorber (which uses a 

0.5 mm thick sheet) would not contain copper nor require expensive and  time-consuming laser 

welding of the tube to the absorber sheet. A high collector efficiency factor can be maintained 

provided tube spacing remains at a distance of less than 11 cm as illustrated in Fig. 2.1-2.  The 

interior geometry investigations provided for interior cross sections to be accurately represented, 

allowing for more accurate modeling of proposed absorber designs. 

This initial investigation did indicate that further design work needs to be carried out to 

ensure the proposed full scale designs can maintain balanced flow throughout the collector. The 

large stagnant areas of the pin-cushion collector resulted in a lower heat removal factor, and 

consequently, a lower absorber efficiency.  
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Chapter 5 

Full Size Absorber Design 

5.1 Full Size Solar Absorber Design 

Data obtained from the mini-panel trials were used to assess various design aspects 

associated with the full size collector. These trials identified factors to be considered in the design 

of the full scale solar collector absorber. In particular:  

i. Given concerns with the manufacturability of absorbers requiring post inflation 

of large internal volumes, panel resistance to post inflation, and hydraulic 

deficiencies, the pin-cushion absorber design was abandoned.  

ii. Consequently, a parallel-flow, tube in-sheet configuration was selected for the 

production of the full sized absorber. This design allows for a significantly higher 

internal working pressure, and a more controlled secondary inflation process 

while satisfying thermal and hydraulic requirements.  

iii. A minimum final material thickness of 0.9 mm was selected based on results of 

the post inflation experiments conducted with the mini-absorbers, as well as, 

work discussed in Section 2.2.1 Material Savings.  

The following subsections discuss the design process used to arrive at a practical full 

scale absorber prototype configuration.  

5.2 Parallel-flow (Harp type) Absorber Design  

Parallel-flow (or harp type) absorbers are usually designed with integral supply (i.e., 

feed) and discharge (i.e., exit) header pipes oriented horizontally and positioned at the bottom and 
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top of the solar collector, respectively. A series of vertical parallel riser tubes connect the supply 

and exit headers. The basis of this traditional design is to utilize the header pipes to evenly 

distribute the heat transfer fluid to the riser tubes thereby ensuring uniform heat removal from all 

sections of the absorber plate. With this flow configuration it is standard practice to use a 

“reverse-return” flow arrangement to ensure that similar flow path lengths and pressure drop 

characteristics are maintained through each of the risers (Fig. 2.2-4).  This configuration is also 

applied when interconnecting individual solar collectors into larger arrays and is referred to as a 

Tichelmann parallel flow configuration or “Tichelmann-ring” [50]. 

It has been common practice in the past to assemble absorber plates from standard rigid 

tube segments connected into a “Harp” configuration (Fig. 5.2-1) and then mechanically fastening 

this assembly to an absorber sheet or to fins attached to the riser tubes. To facilitate ease of 

construction larger constant-diameter tubes are used in the header segments and smaller constant-

diameter tubes are used for the riser segments.  In this way, pressure drops along the headers are 

reduced while higher pressure drops are maintained through the riser tubes, thereby promoting 

uniform flow distributions through the absorber plate. This combined with a Tichelmann flow 

arrangement should promote uniform flow distributions.   

In fact, however, this design is not perfect, and flow imbalances do exist leading to 

reduced flow rates through some riser tubes (see Fig. 5.2-1) [43] . In addition, to minimize flow 

imbalances, large diameter header pipes are required and small riser tubes with corresponding 

high pressure drops are required; increasing pumping power requirements.  Further disadvantages 

of this design are greater fluid volume in the headers and increased absorber materials and 

weight.  Larger fluid volumes also result in increased thermal capacitance that can be detrimental 

to overall solar system performance in cold climates [27].  
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Fig. 5.2-1: Conventional parallel absorber distributing header exhibiting imbalanced flow 

 

Roll-bond absorbers offer a unique solution to overcome flow imbalances while reducing 

the overall pressure drop of the system [48]. By varying the internal diameter of the header tubes, 

it is possible to maintain an equal pressure and balanced flow within each riser. This concept is 

illustrated in Fig. 5.2-2. 

 

Fig. 5.2-2: Roll-bond theoretical distributing header design exhibiting balanced flow 
through each riser tube 
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This approach was used in the design of the full scale absorber and is described below.  

In particular, a flow analysis was conducted to arrive at the local tube diameters required to 

produce uniform flows while minimizing the pressure drop through the absorber. 

5.3 Optimized Geometry Solver for Parallel Absorber Plates 

The multi-diameter parallel flow design presents a number of design challenges, in 

particular, the need to determine the optimum diameter throughout the distributing and collecting 

headers. A design tool was required to solve the diameter of the header throughout the system. 

Consequently, the Optimized Geometry Solver for Parallel Absorber Plates (OGSPAP) tool was 

developed in conjunction with another graduate student, Adam Rysanek.  

This tool is based on hydraulic principles of converging and diverging multi-diameter 

wye’s as discussed in Idelchick [71] and Miller [72], and reviewed in Appendix H of this 

document.  The tool makes the primary assumption that the flow is laminar and the fluid 

properties do not change with temperature. The OGSPAP tool uses the “solver” in Microsoft 

Excel to iteratively calculate the required diameter at various locations of the distributing and 

collecting header. The resulting hydraulic diameters are dependent on the selected flow rate, 

geometry of the panel, diameter and number of risers within the system. The diameter is selected 

to ensure the pressure drop throughout the headers is maintained at a constant value.  See 

Appendix I for a more detailed discussion of the solver configuration (including the assumptions 

and limitations). Fig. 5.3-1 illustrates a sample output from this tool, indicating the required 

diameter of the inlet and outlet headers to promote even flow through a set of risers.  
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Fig. 5.3-1: Sample OGSPAP output indicating the required distributing and collecting 
header diameter at discrete distances in the x direction to ensure balanced flow 
for a parallel flow  “harp” configured absorber plate 

The OGSPAP tool was used to investigate two design concepts which satisfied the design 

requirements outlined in Table 1.3-1, whilst ensuring compatibility with a pre-existing collector 

case provided by EnerWorks™.  

The first design investigated was that of a double header system (i.e., 2 distributing and 2 

collecting headers), Fig. 5.3-2. The second design investigated was that of a single header system 

(i.e., 1 distributing and collecting header). The motivation for these designs is discussed in the 

following sub-sections.  
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Fig. 5.3-2: Parallel flow design concepts considered: (Left) double header system, (Right) 
single header system.  

5.3.1 Double-Header System 

A design of a roll-bond absorber which does not require a post unconstrained inflation, 

offers a method of manufacturing that could both reduce cost and manufacturing inconsistencies. 

The hydraulic diameter of a roll-bond channel is primarily related to inflation height, as 

illustrated in Fig. 5.3-3.  This presents a challenge in generating a solution within reasonable 

manufacturing constraints. OGSPAP was unable to converge to a solution for a single header 

system, without an increase in available variation of hydraulic diameter and therefore the 

requirement for a secondary unconstrained inflation.  
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The double header system was proposed as a solution to this problem. By using two 

headers in parallel, enough variation in hydraulic diameter could be achieved to garner balanced 

flow through each riser.  

 

Fig. 5.3-3: Hydraulic diameter vs. channel width for varying channel heights 

  

The convergent design for a double-header system was based on the use of 30 risers, each 

at a hydraulic diameter of 4.5 mm. The spacing and therefore number of risers was primarily, 

dictated by the hydraulic benefit of reducing pressure drop. The spacing was also selected as 

reducing the fin length any further resulted in diminishing returns in terms of fin efficiency, and 

therefore collector efficiency factor. The overall collector efficiency factor was calculated to be 

0.98 for this configuration using the expressions outlined in Duffie and Beckman [27]. A small 

diameter riser was used to increase pressure drop and lower reliance on the header to generate a 

uniform distribution of flow.  
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Using OGSPAP, the hydraulic diameter of the header at the each location of the risers 

was defined. Fig. 5.3-4 illustrates the calculated diameters, and Fig. 5.3-5 gives a conceptual 

image of what the design would look like. The total pressure drop through the system was 

estimated to be around 3000 Pa, at the system design volumetric flow rate of 1.0 liters/minute.  

 

Fig. 5.3-4: Double header OGSPAP predicted hydraulic diameter sizing vs. location at a 
volumetric flow rate of 1L/m 
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Fig. 5.3-5: Visual representation of double header absorber design showing the variable 
area outlet header, and small diameter risers 

A review of the double-header absorber by the manufacturer, Queen’s University and 

Novelis™ raised concerns over aesthetics and manufacturability. The primary manufacturing 

concern was use of the small diameter of the risers. It was not clear if the inflation process would 

be effective and repeatable. Based on these concerns and since the small diameter of the header 

was a critical component of the design; it was felt that the cons related to manufacturability 

outweighed the pros related to cost, hydraulic and thermal attributes.  

5.3.2 Single-Header System 

 Due to the concerns with the double-header design, a single-header system using an 

unconstrained secondary inflation was investigated. The manufacturer advised that the absorber 

channel width should be constrained to between 8-20 mm in the header, and the risers should not 

be less than 15 mm to ensure repeatability of manufacturing. Using the post-inflation, geometrical 
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results from section 4.3.1.2 , the calculated hydraulic diameter of the header could not exceed 

12.9 mm, or be less than 4.5 mm. To ensure a sufficient collector efficiency factor F’, a maximum 

tube spacing of 4 cm was selected. This will allow for a sufficiently low pressure drop, while 

maintaining peak system efficiency. This value aligned with the work of Eusenmann et al. a [35]. 

Consequently, 16 risers were selected for the single header design.  

In order for OGSPAP to converge on a solution, the risers were configured to increase 

pressure drop and promote distributed flow by removing any post inflation. Similarly, to improve 

flow distribution, the target nominal flow rate of the collector was also increased to 1.5 L/m.   

The pressure drop of the resulting design was estimated to be 6080 Pa at 1.5 L/m. The 

OGSPAP results are included in Fig. 5.3-6, and the proposed single-header design is illustrated in 

Fig. 5.3-7.  

 

Fig. 5.3-6: Single-header OGSPAP predicted hydraulic diameter sizing vs. location for a 
.volumetric flow rate of 1 L/m 
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Fig. 5.3-7: Visual representation of single-header absorber design 

5.4 Hydraulic Review of Collector Designs 

To test the validity of the numerically generated designs, a CFD model was developed. 

As outlined in section 4.3.2.1, a CAD file of the collector was initially constructed using Solid 

Edge and subsequently imported into FLUENT (Gambit) for meshing.  

Unlike the investigation carried out in section 4.3.2.1, the full size design can require 

much higher flow rates when used in industrial settings. Therefore, much care was taken to 

ensure the mesh generated for analysis was appropriate for the collector flow rate investigated. 

Generally, collectors tested at or below the design flow rate of 1.5 L/m should employ a laminar 

model.  Reviews of similar work conducted by Witry, Al-Hajeri and Bondok [58] investigating 

roll-bond radiators for use in the automotive industry, showed that the k-ε turbulence model in 

conjunction with a tetra mesh is appropriate, should a turbulent flow condition need to be 

investigated.  
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A laminar model and mesh was employed for the analysis of the collectors intended for 

residential applications given they would typically operate at a lower flow rate. As before, a 

coarse grid was employed with a maximum angular skewness of 0.85.  

The double-header and single-header absorber designs discussed in the previous section 

were analyzed for a volumetric flow rate of 1.0 and 1.5 L/m respectively.  The results from this 

analysis are presented below in Fig. 5.4-1, Fig. 5.4-2, Fig. 5.4-3 and Fig. 5.4-4. 

 

Fig. 5.4-1: Double header design fluid velocity CFD results for 1 L/m. Note the uniform flow 
distribution of the risers. 
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Fig. 5.4-2: Double-header absorber design CFD internal pressure results for a volumetric 
flow rate of 1 L/m. Note the constant pressure within the header.  

 

Fig. 5.4-3: Single-header fluid velocity CFD results for 1.5 L/m, demonstrating uniform flow 
throughout the risers (looking in the x-z plane at the bottom of the collector) 
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Fig. 5.4-4: Single-header absorber CFD internal pressure results for a volumetric flow rate 
of  1.5 L/m. Note the uniform  pressure within the header (looking in the xz plane 
from the back of the absorber). 
 

Results of modeling indicated that the pressure throughout the system would be balanced 

and, more critically, the flow through the center of the riser channel would be equal for both 

absorber designs at the respective design flow rates. The strong correlation between CFD results 

and OGSPAP, allowed for the designs to be carried forward, and ultimately prototypes 

manufactured for evaluation. 

  



 

100 

 

5.5 Summary of Results and Finalized Specification for Manufacturing 

Ultimately the single-header design was selected for manufacturing. Although both 

designs would provide relatively similar performance figures, concerns over the small hydraulic 

diameters employed (potentially leaving sections under or not inflated) and lack of esthetic appeal 

of the double-header design resulted in the single-header design being preferred. The geometry of 

the final design was also influenced by the manufacturing capabilities of the prototype fabricator. 

Their limitations restricted the total absorber width to 760 mm and the length 2380 mm. The final 

design submitted for manufacturing is shown in Fig. 5.5-1: Proposed absorber manufacturing 

specifications.  
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Fig. 5.5-1: Proposed absorber manufacturing specifications  
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Chapter 6 

Evaluation of a Prototype Full-size Collector 

6.1 Manufactured Absorber Plate 

Based on the final design criteria outlined in Chapter 5, five absorber panels were 

manufactured. All five absorber panels were manufactured using the same hydraulic design, 

however, a variety of desponding inks (graphite and titanium oxide) and alloy grades (3003 and 

4015) were experimented with. All panels had a final material thickness of 0.9 mm with an initial 

inflation height in the range of 5 to 6 mm.  Table 6.1-1: Manufactured Absorber Details 

summarized the configuration of the panels.  

Table 6.1-1: Manufactured Absorber Details 

Absorber Number Desponding Ink Alloy 

1 Graphite 3003 
2 Titanium Dioxide 3003 
3 Graphite 4015 
4 Titanium Dioxide 4015 
5 Graphite 3003 

 

Two different desponding inks were used for each alloy grade to investigate any effect 

these inks have on panel longevity and inflation. Similarly, two different alloys were used to 

determine the effect this has on panel longevity, as well as, to observe if the slightly lower 

thermal conductivity of 4015 would have any appreciable effect on the thermal performance of 

the collector. These later investigations however remain outside the scope of this thesis.   

The original full-size absorber prototype design called for a secondary unconstrained 

inflation, to achieve the required hydraulic diameters in the headers and risers.  Upon an initial 

inspection of the absorber prototypes it was discovered that the absorbers were cut thinner than 
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specified. This, in conjunction with the perimeter reduction associated with post inflation, would 

make the absorber plate too narrow to fit within the pre-manufactured collector housing without 

significant modifications. Consequently, the planned partially-unconstrained post inflation was 

cancelled for the first full size collector assembly to ensure the absorber would fit within the 

collector housing. Without the post inflation, the size and shape of the header changed and the 

hydraulic properties of the collector varied from those modeled. These effects were worsened by 

the manufacturing inconsistencies present, such as in Fig. 6.1-1. 

 

Fig. 6.1-1: Example of absorber panel manufacturing inconsistencies, showing an uneven 
distributing header and inconsistent riser inflation 
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6.1.1 Development and Evaluation of a New Hydraulic Model 

Due to financial and time constraints, new absorber plates could not be manufactured to 

correct for manufacturing errors. Consequently, to validate the design process, the absorber 

hydraulic model was modified to address the differences in the manufactured absorber panels 

from the design specifications. This model would be used to refine the existing manufactured 

design, improve overall performance, and allow for the theoretical hydraulic model to be 

correlated with test results. The following subsection discusses the investigations carried out and 

Section 6.2 discusses subsequent modifications made to the absorber plate.  

6.1.1.1 Pressure Drop Test 

The unmodified manufactured collector was tested to determine the pressure drop 

characteristics. The absorber panel was connected to a manometer and the pressure drop through 

the panel measured at varying flow rates. The resultant pressure drop versus flow rate 

characteristic is shown in Fig. 6.1-2. Of interest, is the pressure drop at the design flow rate (1.5 

L/m), which is 6458 Pa, nearly 400 Pa above the predicted value. This increase in pressure drop is 

related to the smaller hydraulic diameter of the headers that resulted from the constrained 

inflation, and to modifications of the absorber plate made to allow for the insertion of flow tubes 

at the inlet and outlet.  
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Fig. 6.1-2: Single inflation constrained absorber pressure drop curve 

6.1.1.2 Experimental Flow Visualization  

Flow visualization tests (as described in Section 4.3.2.2), were conducted using water as 

the working fluid. This allowed for a preliminary understanding of the existing hydraulic trends 

within the “as built” absorbers. For these initial tests, flow rates were maintained in the range of 

1-3 liters per minute, the expected working flow rate of a collector installation. Fig. 6.1-3 

illustrates the flow imbalance at the design flow rate of 1.5 L/minute.    
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Fig. 6.1-3: Flow visualization results at volumetric flow rate of 1.5 L/m demonstrating 
.unbalanced flow 

 

As expected a significant flow imbalance was immediately observed. Without balanced 

flow, is difficult to fully evaluate the performance of the proposed design. It was also observed 

that some collectors did not establish flow through all of the risers, indicating additional 

blockages existed within the absorber. These blockages resulted in regions of stagnated flow, as 

shown in Fig. 6.1-4. These absorber panels were marked, to ensure these risers were excluded 

from any further analysis.  

Non-uniform 
temperature 
profile – 
indicative of 
imbalanced flow 
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Fig. 6.1-4: Flow visualization results at a volumetric flow rate of 1.5L/m demonstrating 
blocked risers. (IR photo showing the temperature distribution of an upper 
region of the absorber plate) 

 

It was found for all collectors tested, there was a bias of the flow to risers coming out of 

the header closest to the inflow. This phenomenon is well established for standard harp type 

absorbers and has been modeled by Jones & Lior [43]. Fig. 6.1-5 illustrates this phenomenon, and 

includes a line indicating the relative balance of the flow.  

Cold region 
indicating 
blocked risers 
(flow channels)



 

108 

 

 

Fig. 6.1-5: Flow visualization results at a volumetric flow rate of 1.5 L/m demonstrating 
.unbalanced flow with risers illustrated on the left exhibiting higher flow rates 
(IR photo showing the temperature distribution in the  lower half of the absorber 
plate indicating higher flow on the on the left-hand-side of the absorber plate). 
This is looking at a reverse return inlet, and therefore flow enters the distributing 
header from the left.  

6.1.1.3 Updated CFD Hydraulic Model 

A new CFD model of the absorber plate was developed to account for manufacturing 

inconsistencies within the prototype. This provided an in-depth understanding of the existing flow 

imbalances, which assisted in making appropriate recommendations for physical absorber 

modifications.  

To develop a CFD model of the manufactured absorber, an understanding of the 

geometry of the manufactured absorber was first required. Absorber panel dimensions and 

features were measured, excluding unexpected panel features not repeated on all absorbers (such 

as minor dents due to shipping). Measurements of the inflation heights and material thickness at 

various locations were taken using calipers. The total width and height of the panel was also 

measured. Using this information, the original absorber model was modified using Solid Edge 

[73]. The manufactured profile is illustrated Appendix J.  

Non-uniform 
temperature 
profile – indicative 
of imbalanced 
flow 
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 The updated CAD file was meshed and simulated using the same technique described in 

Section 4.3.2.1 and Appendix L. The flow visualization results (in Section 6.1.1.2) were used to 

ensure a good correlation between the model and experimental results.  In particular, it was 

ensured that the primary hydraulic trends of the flow visualization test were all present within the 

CFD model.  One such hydraulic trend is the flow imbalance observed in Fig. 6.1-5, which can be 

easily observed when evaluating the absorber internal pressure distribution illustrated in Fig. 

6.1-6. 

 

Fig. 6.1-6: CFD model of manufactured absorber plate accounting for changes in geometry 
due to manufacturing tolerances. Simulation conducted at design flow rate of 1.5 
L/m. Pressure imbalance indicates a bias of flow to risers located closest to the 
inlet of the header 
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6.2 Modifications to Absorber Panel  

6.2.1 Proposed Modifications 

For an absorber panel to be used in a thermal performance evaluation, it is important for 

uniform flow to be present within the absorber [9]. In order to achieve more uniform flow, the 

pressure of the absorber needs to be equalized. Jones and Lior noted flow distribution will tend 

towards uniformity as the pressure drops in the riser becomes large relative to the inertial and 

frictional pressure changes within the manifolds [43]. To investigate this approach to balancing 

the flow, the existing design was reviewed to determine the most effective way to increase the 

pressure drop through the risers. The working fluid and riser pipe diameters were fixed, therefore 

the best way to increase the pressure drop in an appreciable manner was to adjust the number of 

risers available for fluid flow.  

The initial design concept contained 16 risers. This relatively high number of risers was 

originally selected to reduce pressure drop and fin length, in an attempt to increase thermal 

performance.   

Using the CFD model of the manufactured design, it was observed that by reducing the 

number of risers to 6, more balanced flow through the system could be achieved. Fig. 6.2-1, 

illustrates this concept.  This modification would result in an increased riser spacing from 42.2 

mm to 126.6 mm. The increased fin length will result in a lower collector efficiency factor to that 

of the original proposed design. The reduction in collector efficiency would be in the range of 2-

4% (Fig. 2.2-2), or a decrease of F’ from 0.97 to 0.95.  The collector efficiency performance 

remains within the range of the benchmark EnerWorks™ collector, which has a rated collector 

efficiency factor of 0.96 at a fin length of 76 mm. 
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Fig. 6.2-1: CFD model of modified absorber plate at a volumetric flow rate of 1.5L/m, 
demonstrating balanced flow through each of the risers 

Therefore, to allow the absorber panel to be used in a thermal performance evaluation, a 

total of 10 risers would be blocked. In order to block the passage of fluid through the channels, 

the absorber panel was carefully modified using a C clamp. Pressure was applied to specified 

risers closing off the channel and blocking the flow. This modification is shown in Fig. 6.3-1, 

and, as discussed, would have a significant impact on the predicted thermal performance of the 

collector.  
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6.2.2 Hydraulic Evaluation of Modified Collector 

Once the modifications had been completed on the panel, a number of flow visualization 

tests were performed at varying flow rates. The flow at 1.5 L/m demonstrated good results and 

relatively even flow (as predicted by CFD). The results from this test are shown in Fig. 6.2-2.  

Results are expected to improve further with the use of glycol as the working fluid, as the 

increased viscosity should further increase the pressure drop through the risers; leading to an even 

more uniform flow distribution.  

 

  

Fig. 6.2-2: Flow visualization results, demonstrating more distributed flow with closed fluid 
.passages 

6.3 Collector Housing Modification 

The collector housing specified for this experiment was manufactured using the same 

materials as the standard EnerWorks™ collector. This was done to ensure thermal losses from the 

case were similar and did not bias the results. The housing however, did require some 

modification to allow for manufactured absorber panels to fit inside. Specifically, the prototype 

absorber panels were both thinner and shorter than initially specified due to manufacturing 
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limitations.  Consequently, the size of the collector housing and glass that was originally ordered 

(i.e., 2408 by 788 mm) was too large for the prototype absorbers. To correct for this miss-match, 

a second gasket was added at the perimeter of the absorber to support the edges, and the bottom 

366 mm of the collector box aperture was “blanked off” to accommodate the shorter absorber 

prototype.  To minimize the thermal impact of this change, a reflective sheet was placed in front 

of the “blanked off” section and the cavity below filled with glass fiber insulation, as shown in 

Fig. 6.3-1 and Fig. 6.3-2 which illustrates the construction of these modifications.  

 

 
(A) 

 

(B) 

 

Fig. 6.3-1: Roll-bond collector case modifications showing insertion of the blanked off area 
at the bottom of the absorber plate (A) and Absorber modification showing the 
crimping of flow channels to produce balanced flow in the risers (B) 
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Fig. 6.3-2: Roll-bond collector case modifications showing collector size and aperture area, 
as well as size of blanking at bottom of case [74].  

6.4 Thermal Performance Evaluation - Indoor Collector Test 

An indoor collector test, as outlined by ASHRAE 93-2003 [25], was performed at the 

National Solar Test Facility (NSTF) in Mississauga Ontario.  The NSTF test chamber is equipped 

with a full spectrum solar simulator in an environmental chamber which can be maintained from -

20 to 50°C with controlled relative humidity and wind speed.  Incident radiation, inlet 

temperature, mass flow rate and wind speed can all be adjusted and measured. In addition, the 

heat capacity of the fluid can be measured [75]. Fig. 6.4-1 below illustrates the test chamber with 

a prototype collector located within. 
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(A) 

 
(B) 

Fig. 6.4-1: (A) Measuring distribution of radiation over collector surface (B) Collector 
thermal performance test in operation 

6.4.1 Results 
Using the NSTF test chamber, standard thermal performance characterization tests were 

conducted following ASHRAE 93-2003 procedures [25]. For each prototype, a total of four tests 

points were taken; three at a consistent flow rate and varying inlet temperature, and a fourth at a 

different flow rate.  Each test point comprised of air temperature, incident radiation, inlet and 

outlet fluid temperatures as well as the heat capacity of the fluid. Wind speed was maintained for 

test consistency. By controlling the environmental variables within the test chamber, 

meteorological variability usually associated with outdoor test results can be eliminated.  As such, 

test results should be highly repeatable, but still subject to measurement errors associated with the 
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measurement of collected solar energy (e.g., heat transfer fluid flow rate and temperatures).   A 

study of the propagation of measurement uncertainty associated with standard solar collector 

testing was previously evaluated and indicated that variations typically ranged from ± 2 % to ± 4 

% over typical test conditions [30].  

The results for collector 4 will be discussed here. This absorber had the least number of 

manufacturing defects and was previously used for the hydraulic modeling. The resulting raw 

thermal test data are given in Appendix K. The pressure drop of the modified panel was measured 

to be 7767 Pa at a flow rate of 1.5 L/m.  

The Hottel, Whillier and Bliss efficiency graph for the roll-bonded collector at a flow rate 

of 0.2 kg/second or 1.6 liters/minute is below in Fig. 6.4-2.  The intercept value, FR(τα,) and the 

slope, -FRUL, were calculated to be 0.73 and -4.324 respectively.  
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Fig. 6.4-2: Hottel, Whillier and Bliss efficiency graph of experimental collector efficiency 
data measured for full size modified roll-bond collector 

It is critical when evaluating collector performance, to review the heat removal factor 

dependency with flow rate. The collector test conducted at the NSTF was designed to include two 

tests points taken at an inlet temperature equal to the ambient air temperature where it can be 

assumed there were negligible collector heat losses. This allowed the heat removal factor (FR) to 

be calculated at these operating conditions. If collector loss coefficient (UL) is assumed to be 

constant throughout the operating range of the absorber, Eq. 2.1-12 can also be employed to 

define the heat removal factor over a range of flow rates. Assuming the values outlined in Table 

6.4-1, the dependency of the heat removal factor on flow rate was calculated, the resulting plot 

can be seen in Fig. 6.4-3. 

Table 6.4-1: Baseline conditions used for collector heat removal factor calculations 

Dimension / 
Condition 

Description Value Units 

Cp Heat capacity of working fluid  3582 J/kgK 
Ac Collector Area 1.56 m2

UL Top loss transfer coefficient 5.7 W/m2C 
F’ Collector Efficiency Factor  0.89 - 
α  Absorptivity of Selective Surface 0.94 - 
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Fig. 6.4-3: Experimental heat removal factor vs. collector flow rate for a parallel roll-bond 
absorber.  

6.5 Summary of Results 

The initial absorber panels produced had a number of  manufacturing defects and poor 

tolerances and therefore could not initially be used for validation of the design concept and 

process. Through a revision of the hydraulic absorber model, a correlation between physical test 

results and hydraulic models was achieved. This allowed for the validation of the OGSPAP 

design process as the computation fluid dynamics model, which was used to initially evaluate the 

design, was able to accurately model the flow distribution observed in the prototype absorber 

plate.  

Using the updated hydraulic model, modifications to the absorber plate were planned and 

executed. Uniform flow was achieved, allowing for the collector to be used for thermal testing 

and validation of the predicted performance characteristics. A further discussion of the collector’s 

thermal and hydraulic results is included in the next section.   
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Chapter 7 

Summary of Results 

7.1 Review of Full Size Collector Results 

7.1.1 Absorber Manufacturability 

The collectors produced by the manufacturing partner did not meet design specifications 

and exhibited inconsistencies among the absorbers provided, as illustrated in Fig. 7.1-1. The full 

size prototypes exhibited considerable manufacturing faults and greater than expected tolerances 

 

Fig. 7.1-1: Section of manufactured absorber showing large manufacturing tolerances and 
clear defects 

Roll-bond manufacturing is a well-established process and therefore these deficiencies 

would likely be less frequent on a production line tooled for this hydraulic configuration. Further 

manufacturing consistency could also be achieved through the use of a die during the inflation 

process. Depending on the production numbers of the final product, the cost of this die could be 

amortized over the price of the collectors and therefore avoid any substantial increase in 

manufacturing cost.  The refinement of this manufacturing method would be an iterative process 

requiring modifications of the design to adjust for variability within the process.   
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7.1.2 Absorber Hydraulic Performance 

The key element of the roll-bond absorber design is the potential to produce uniform 

flow, with low pressure drop. The pressure drop of an absorber plate (modified post 

manufacturing to address deficiencies) was measured to be 7523 Pa (See Fig. 7.1-2), significantly 

smaller than the reported SRCC pressure drop of the Residential EnerWorks™ collector at 21808 

Pa at 1.5 L/m, as illustrated in Fig. 7.1-2.  

 

Fig. 7.1-2: Pressure drop vs. flow rate for an EnerWorks™, roll-bond and modified roll-
bond absorber. The standard EnerWorks™ absorber has a significantly higher 
pressure drop than the alternative roll-bond parallel designs.  

Flow uniformity was not initially achieved with the manufactured absorber. 

Modifications to the absorber plate allowed for adequately uniform flow to be achieved, as 

demonstrated in Chapter 6. This key feature of the design has not yet been achieved by other low 

pressure drop roll-bond designs (such as the work conducted at the Fraunhofer institute illustrated 
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in Fig. 7.1-3). Future improvements in the manufacturing process should allow for an increase in 

uniformity and a further decrease in overall pressure drop.  

The work conducted herein, and work conducted in other studies of tubeless absorber 

designs [48], have demonstrate the requirement for tight manufacturing tolerances (as illustrated 

in Fig. 7.1-3). Small manufacturing inconsistencies can have large effects on the flow distribution 

uniformity; therefore, it is recommended that further work should be completed to carefully study 

the impact of manufacturing tolerances on flow uniformity. This will allow for competitive 

product performance to be achieved under all working conditions.  

 

Fig. 7.1-3: Alternative roll-bond absorber design showing unbalanced flow and sensitivity to 
channel deformation [48] 
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7.1.3 Collector Thermal Performance 

To evaluate the thermal performance benefits, the test results from Section 6.4 were 

evaluated against SRCC data for an EnerWorks™ collector.  

EnerWorks™ currently offers two collectors, a residential and a commercial product. The 

primary difference in these two products is the collector case construction. The residential 

collector is equipped with a stagnation protection device that allows for cool air to travel along 

the back surface of the collector when a mechanical flap is opened. Conversely, the roll-bond and 

commercial EnerWorks™ collector were constructed with no venting channel and with fiberglass 

insulation along the back of the panel.  This additional insulation has a higher thermal resistance 

than the air channel and therefore lowers the collector losses while operating at high temperature. 

Therefore, to ensure any comparison was unbiased, the EnerWorks™’ commercial collector (see 

Appendix C for further information) was used for a thermal comparison as the case construction 

more closely represents that used in the evaluation of the prototype roll-bond collector.  

The EnerWorks™ commercial collector was tested at a higher flow rate (3 litres / 

minute), and as such an approximate analytical correction to FR(τα) and FRUL (as outlined by 

Duffie and Beckman [9]) was carried out. Additionally, as a number of modifications were also 

made to the roll-bond collector casing (additional gasket to hold absorber panel and blanking 

panel at bottom) the results were scaled to represent the efficiency in terms of aperture area rather 

than collector area.   

Correcting for the variation in flow rate and aperture area, a visual representation was 

generated (see Fig. 7.1-4) which allows for the direct comparison of the roll-bond collector to that 

of the EnerWorks™  Commercial collector [70].    
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Fig. 7.1-4: Hottel, Whillier and Bliss efficiency graph comparing the SRCC thermal 
performance data for an EnerWorks™ and  prototype roll-bond collector. 
Approximate analytical corrections to FR(τα) and FRUL were made to allow for 
comparison of results.  

It can be observed that the roll-bond absorber has a comparable thermal efficiency to that 

that of the EnerWorks™ collector. 

The larger FRUL product (or slope) of the roll-bond collector is a result of the increased 

losses associated with the roll-bond collector casing and semi-selective surface coating used on 

the prototype as discussed in Sections 6.3 and 4.3.3.1 respectively. The use of an additional 

gasket and the increased ratio of perimeter to collector area also results in increased edge losses at 

high operating temperatures. Similarly, the selective surface used on the prototype collector has a 

higher emissivity than that of the EnerWorks™ collector, also increasing collector losses at high 
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operating temperatures. These additional losses could be minimized in a production 

representative collector by utilizing a higher performing selective surface and ensuring the 

absorber plate fits correctly inside the collector housing.  

The similar FR(τα) of the two collectors is result of the improved thermal performance of 

an integral flow passage design. The transmissivity of the collector case was identical and the 

absorptivity of the selective coating was measured to be very similar, therefore the overall heat 

removal factor of the two collectors is very close in value.  

Intuitively, the design compromise of increasing the fin length on the prototype collector 

to garner balanced flow, and decreasing the material thickness, should result in lower fin 

efficiency and therefore a lower heat removal factor than that of the EnerWorks™ system. The 

gain in thermal efficiency, resulting in similar performance, is a product of the geometry of the 

roll-bond absorber. The integral flow passages allow the heat transfer fluid to be directly in 

contact with the absorber plate, eliminating the thermal resistance of the bond at the interface 

between the tube and sheet present in an EnerWorks™ collector. This allowed for a comparable 

thermal performance to be achieved despite the increase in fin length of the modified prototype. .  

The heat removal factor of the EnerWorks™ collector can be calculated based on the 

known transmissivity of the collector housing glass cover (0.92) and the absorptivity of the 

absorber selective coating. The heat removal factor for the EnerWorks™ collector can then be 

estimated as 0.87 for a mass flow rate of 0.54 kg/s (approximately 3 L/min). Similarly, assuming 

the values outlined in Table 6.4-1, the dependency of the heat removal factor on flow rate can be 

calculated, for the Roll-bond collector the resulting plot can be seen in Fig. 7.1-5.  
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Fig. 7.1-5: Heat removal factor vs. collector flow rate for a parallel roll-bond absorber and 
an EnerWorks™ Commercial Collector [76] 
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Chapter 8 

Conclusions and Recommendations 

8.1.1 Summary and Conclusions 

Residential solar collectors are becoming prohibitively expensive. In the case of the 

EnerWorks™ collector, the cost of the copper used in the construction of the absorber, and the 

cost to ship materials to and from the laser welding facility in Europe have been increasing 

steadily. This coupled with increasing demand for absorber plates, has led to concerns over 

security of supply. Consequently, it is critically important to develop an absorber panel 

manufactured at a reduced cost with comparable thermal performance.  

In order to formulate an approach for developing a new absorber panel, the specific 

objectives of this study were first outlined. Staff from EnerWorks™, Novelis™ and the Queen’s 

University’s Solar Calorimetry Laboratory were polled to identify key requirements. From this 

Six-Sigma derived exercise, a number of attributes were outlined and finally the objectives set. 

The objective of this thesis were limited to the two highest ranked criteria; competitive system 

performance (efficiency, ranked 1st), and reduced cost (ranked 2nd).  

In order to achieve these objectives, a design approach was outlined and executed. This 

design approach consisted of three phases; the first included the benchmarking of current 

absorbers, the review and selection of a material and manufacturing techniques. The second phase 

consisted of the manufacture and testing of a ‘proof of concept’ mini-collector. Finally the third 

phase included the design of a full size absorber, and finally, the manufacture and testing of a full 

scale ‘verification panel’.  
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The first phase of research focused on the definition of the problem, background research 

and competitor benchmarking. With an understanding of the market and the key attributes 

required of the project, phase two was entered. This phase focused on the design selection and 

proof of concept mini-collector testing. It allowed for the evaluation of the manufacturing method 

to ensure that the attributes outlined during phase 1 could be achieved in the final product. Based 

on the proof of concept mini-collector testing, it was determined the roll-bond concept was 

feasible.  

The primary challenge of phase three was the selection of a suitable hydraulic design for 

roll-bond absorber. The inherent flexibility of the “roll-bonding” manufacturing approach which 

allowed the flow channels to be formed directly into the absorber plate provided for an infinite 

number of hydraulic configurations. This necessitated the development of a unique design tool, 

OGSPAP.  This tool, based on the hydraulic principles of converging and diverging multi-

diameter wyes, iteratively calculated the required distributing and collecting header diameters at 

discrete locations in the proposed absorber plate designs to ensure balanced flow within the 

collector.  

OSPAP proved to be an effective tool. Given a discrete set of inputs (flow rate, range of 

hydraulic diameter, required fin length, etcetera), two designs were developed; a single and a 

double header design. Both configurations were evaluated using CFD, and showed good 

correlation. Ultimately, the single header design was selected for manufacture and testing.   

Despite major setbacks in the manufacturing process, the first full size trial was a success. 

It allowed for the validation of hydraulic models and therefore the OSPAP design tool. The 

pressure drop of the modified absorber plate was significantly lower than the reported pressure 

drop of a comparable EnerWorks™ collector. The thermal performance of the absorber was 
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comparable. The slightly higher collector losses associated with the prototype collector case and 

semi-selective coating could be reduced resulting in higher performance at high operating 

temperatures. It is expected that working closely with the manufacturer, panels could be further 

improved to increase consistency in production, ultimately allowing for the initial design concept 

to be manufactured. This concept, which had a significantly smaller fin length should allow for a 

higher fin efficiency allowing for improvements in the collector performance.  

8.1.2 Recommendations 

It is recommended that future design projects of this nature should include an additional 

stage of research. Design concepts should be tested at ‘proof of concept’, ‘experimental 

prototype’ and ‘verification prototype’ levels. The additional ‘verification prototype’ test phase 

would allow for many of the manufacturing inconsistencies to be corrected and accounted for. 

Until manufacturing inconsistencies can be reduced, it is recommended a more conservative 

design approach should be utilized. 

The all-aluminum roll-bond absorber provides both economic and performance benefits. 

The low tooling costs allow for the development of new and unique designs, specific to 

installation location. Work is still required to further refine the proposed designs and to test the 

corrosion characteristics of the material when used with a typical heat transfer fluid. Additional 

studies would add valuable insight into this work and the long term feasibility of this as a 

commercial product.  Some key areas of pending research required are listed below: 

 

 An examination of the long term corrosion characteristics of this material, and 

the effect of desponding ink choice.  
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 A sensitivity analysis determining the effect of flow rate, fluid viscosity and 

geometrical defects on the balance of flow within the system. The hydraulic 

design should be updated based on these inputs to ensure competitive 

performance over the full range of operating conditions.  

 Investigate modifications to the manufacturing technique to improve tolerances 

(such as using dies and including a standard quality audit in the manufacturing 

process) including a complete cost benefit analysis.  

 An investigation into an all-aluminum system, including line sets and pump 

components.  

 Study to understand the effect of temperature, flow rate and geometry on designs 

developed using OGSPAP 

 
The primarily goal of this project was to developed a collector at a reduced cost, while 

maintaining or increasing system efficiency. This was successfully achieved through the design 

and development of mini-collector prototypes, and a full-sized “proof of Concept” prototype 

collector.  

  



 

130 

 

References 

 

[1] Ontario Power Authority (OPA), 2010, “OPA Feed-in Tariff Program,” Accessed: April, 

2010, 

http://fit.powerauthority.on.ca/Page.asp?PageID=1115&SiteNodeID=1052 

[2] Freeman, G.A., 1998, “Indirect Solar-Assisted Heat Pumps for Application in the 

Canadian Environment,” Queen’s University, Kingston, Ontario. 

[3] National Resources Canada, Office of Energy Efficiency (OEE), 2009, “Comprehensive 

Energy Use Database Tables,” 11 02, 2009, Accessed: May, 2010, 

http://oee.nrcan.gc.ca/corporate/statistics/neud/dpa/tablestrends2/res_on_2_e_4.cfm?attr=

0 

[4] Lund, P. J., 1980, “Solar Thermal Engineering,” John Wiley & Sons, New York, NY.  

[5] Ramlow, B., 2006, “Solar Water Heating,” New Society Publishers, Gabriola, BC. 

[6]  Ozsabuncuoglu, I. H., 1995, “Economic Analysis of Flat Plate Collectors of Solar 

Energy,” Energy Policy, 23(9), pp. 755-763. 

[7]  Peuser, F. A., Remmbers, K-H., and Schnauss, M., 2002, “Solar Thermal Systems: 

Successful Planning and Construction,” Solarpraxis AG, Berlin.  

[8] Incropera, F. P., Dewitt, D.P., Bergman, T.L., and Lavine A., 2007, “Fundamentals of 

Heat and Mass Transfer,” 6th Edition, John Wiley & Sons, Hoboken, NJ. 

[9] Duffie, J. A. and Beckman, W. A., 2006, “Solar Engineering of Thermal Processes,” John 

Wiley & Sons, Hoboken, NJ. 

[10] Harrison, S J., Rogers, B.A., Soltau, H., and Wood, B.D. 1993, “The Characterization 

and Testing of Solar Collector Thermal Performance: Performance Testing of Solar 

Collectors,” Report of Task III, International Energy Agency (IEA), Kingston, ON, pp. 

94. 

[11]   London Metal Exchange, 2010, “The World Centre for Non-Ferrous Metal Trading,” 

Accessed: April 2010,  

http://www.lme.com/home.asp 

[12]  Uhlig, H. H and Revie, R. W., 1985, “Corrosion and Corrosion Control,” John Wiley & 

Sons Inc., Toronto, ON. 

[13] Novelis, 2010, “The New Aluminum,” Novelis Fusion Website, Accessed: May 2010,  



 

131 

 

http://www.the-new-aluminum.com 

[14]  Tamimi, A., 1968, “Analysis and Design of a Novel Flat Plate Solar Collector,” 

International Communications in Heat and Mass Transfer, 13(6): pp. 651-657. 

[15] Eisenmann, W., Vajen, K., and Ackermann, H., 2003, “On the Correlations Between 

Collector Efficiency Factor and Material Content of Parallel Flow Flat-plate Solar 

Collectors, “Solar Energy, 76(4), pp. 381-387. 

[16] Badescu, V., 2006, “Optimum Fin Geometry in Flat Plate Solar Collector Systems,” 

Energy Conversion and Management, 47,  pp. 2397-2413. 

[17] Chiou, J P., 1982, “The Effect of Nonuniform Fluid Flow Distribution on the Thermal 

Performance of Solar Collectors,”. 6, Detroit : Pergamon Press Ltd., 1982, Solar Energy,  

29(6), pp. 487-502.  

[18] Shariah, A. M., 1997, “Effect of Thermal Conductivity of Absorber Plate on the 

Performance of a Solar Water Heater,” Applied Thermal Engineering, 19, pp. 733-741. 

[19] Al-Nimr, M. A., Kiwan, S., and Al-Alwah, A., 1997, “Size Optimization of Conventional 

Solar Collectors, “Energy, 23(5), pp. 373-378. 

[20] Breeze, P., de Rosa, A.V., Doble, M., Grupta, H., Kalogirou, S., Maegaard, P., Pistoia, 

G., Roy, S., Sorensen, B. Storvick, T., Yang, S-T., Kruthiventi, A.K.., 2009, “Renewable 

Energy Focus Handbook,” Elsevier, Oxford, UK, pp. 356.  

[21] EnerWorks Inc., “EnerWorks Solar Heating and Cooling,” Accessed: Jan. 2010, 

http://www.enerworks.com/. 

[22] Solar Rating and Certification Corporation, 2010, “Home Page,” Accessed:  April  2010, 

http://www.solar-rating.org 

[23] Aveta Business Institute, 2011, “Six Sigma Online,” Accessed: September  2011, 

http://www.sixsigmaonline.org/index.html. 

[24] Long, L., Nagai, K., and Yin, F., 2008, “Tsukuba Progress in Cold Roll Bonding,” 

Science and Technology of Advanced Materials, 9, pp. 1-11  

[25] American Society of Heating, Refrigeration and Air-Conditioning Engineers Inc, 2003, “ 

ASHRAE Standard - Methods of Testing to Determine the Thermal Performance of Solar 

Collectors,”: ASHRAE, Tullie Circle NE, pp. 1041-2336. 

[26] Nusz, B, 2006, “Solar Water Heating,” New Society Publishers,  Gabriola Island, BC. 



 

132 

 

[27] Beckman, W. A., and Duffie, J. A.,  2006, “Solar Engineering of Thermal Processes,” 

Third Edition, John Wiley and Sons, Hoboken, NJ. 

[28] Bliss, R. W., 1959, “The Derivations of Several "Plate-Efficiency Factors" Useful in the 

Design of Flat-Plate Solar Heat Collectors,” Solar Energy, 3, pp. 55. 

[29] Solar Rating and Certification Corporation, 2010, “Operating Guidelines for Certifying 

Solar Collectors,“ SRCC Document OG-100, Cocoa, Florida, USA. 

[30] Harrison, S.J., 1992, “Improved Characterization for the Thermal Performance of Solar 

Collectors” Ph.D. thesis, Queen’s University Kingston. 

[31] Canadian Standards Association, 2011, “F378 Series -11 Solar Collectors,” Canadian 

Standards Association, Mississauga.   

[32] International Organization for Standardization (ISO), 1994, “Test Methods for Solar 

Collectors,” International Organization for Standardization, Geneva.  

[33] Enerworks, Inc., 2005, “Solar Collector Certification and Rating. Certified Solar 

Collector,”    http://securedb.fsec.ucf.edu/srcc/coll_detail?srcc_id=2005014A. 

2005014A. 

[34]  Shariah, A.M., 1997, “Effect of Thermal Conductivity of Absorber Plate on the 

Performance of a Solar Water Heater,” Applied Thermal Engineering, 19, pp. 733-741. 

[35] Eisenmann, W., Vajen, K., and Ackermann, H., 2003, “On the Correlation Between 

Collector Efficiency Factor And Material Content Of Parallel Flow Flat-Plate Solar 

Collectors,” Solar Energy, 76(4), pp. 359-387.  

[36] Kundu, B., 2001, “Performance Analysis And Optimization Of Absorber Plates Of 

Different Geometry For A Flat-Plate Solar Collector,” Applied Thermal Engineering, 

22(9), pp. 999-1012. 

[37] Badescu, V., 2005, “Optimum Fin Geometry in Flat-Plate Solar Collector Systems, 

Energy Conversion and Management, 41,  pp. 2397-2413. 

[38] Al-Nimr, M.A., Kiwan, S., and Al-Alwah, A., 1998, “Size Optimization Of Conventional 

Solar Collectors,” Energy, 23(5), pp. 373-378. 

[39] Borde, I., Yaron, I., and Jelinek, M., 1979, “Comparative Study Of Parallel-Tubes And 

Serpentine Type Flat-Plate Solar Collector,” Solar Energy Society, pp. 277. 

[40]  Lund, K.O., 1989, “General Thermal Analysis for Serpentine-Flow Flat Plate Solar 

Collector Absorbers,” Solar Energy, 42(2), pp. 133-142. 



 

133 

 

[41] Zhang, H-F. and Lavan, Z. , 1985, “Thermal Performance of a Serpentine Absorber 

Plate,” Solar Energy, 34, pp. 175-177. 

[42]  Lund, K.O., 1986, “General Thermal Analysis of Parallel-Flow Flat-Plate Solar 

Collectors”, Solar Energy, 36(5), pp. 443. 

[43]  Jones, G.F. and Lior, N., 1994, “Flow Distribution in Manifolded Solar Collector with 

Negligible Buoyancy Effects,” Solar Energy, 52(3), pp. 289-300. 

[44] Fan, J., Shah, L. J., and Furbo, S., 2007, “Flow Distribution In A Solar Collector Panel 

With Horizontally Inclined Absorber Strips”, Solar Energy, Vol. 81(12), pp. 1501-1511.  

[45] Pauschenwein, G. J., Zauner, C., Reichl, C., and Monsberger, M., 2011, “Pressure Drop, 

Flow Distribution and Turbulence in Collector Hydraulics”, Austrian Institute of 

Technology, Energy Department.  

[46] Alvarez, A., Cabeza, O., Muniz, M., and Varela, L., 2010, “Experimental and Numerical 

Investigation Of A Flat-Plate Solar Collector”,  Energy, 35(9), pp. 3707-3716. 

[47] Rommel, M. and Moock, W., 1997, “Collector Efficiency Factor F' For Absorbers With 

Rectangular Fluid Ducts Contacting the Entire Surface”, Solar Energy, 60(3/4), pp. 199-

207. 

[48] Hermann, M., Lunz, K., Keyl, H.-M., Koch, L., and Stryi-Hipp, G., 2010, “Fluid Flow 

Investigations of Bionic Absorbers Made from Aluminium and Steel”, Institute for Solar 

Energy Systems (ISES), Europe. 

[49]  Hermann, M., Koch, L., Di Lasura, P., Bauch, M., and Klemke, M., DATE, “New 

Absorber Manufacturing and Materials: Challenges for Absorber Design and 

Evaluation,“ Institute for Solar Energy Systems (ISES), Europe. 

[50] Peuser, M., Remmers, F. A., and Remmers, K-H., 2002, “Solar Thermal Systems: 

Successful Planning and Construction”, Solarpraxis AG, Berlin.  

[51] Proctor, D. and Czarnecki, J.T., 1985, “The Effect of a Gain on A 22-Year-Old Solar 

Water Heater”, Solar Energy, 35(2), pp. 175-180. 

[52] Lund, P.D. and Konttinen, P., 2003, “Thermal Stability and Moisture Resistance of 

C/Al2/03/Al Solar Absorber Surfaces”, Science, Solar Energy Materials and Solar cells. 

[53]  Köhl, M., Kübler, V., and Heck, M., 2007, “Optimisation of the Micro-Climate in Solar 

Collectors”, Solar Energy Materials and Solar Cells, 91, pp. 721-726. 



 

134 

 

[54] Rudnick, A., Kaplan, y., Wolf, D., and Kudish, A.I., 1988, “A Study of Solar Collector 

Aging, Installation and Material Problems, Solar Energy, 36, pp. 227-240.   

[55] Tamimi, A., 1986, “Analysis and Design of a Novel Flat Plate Solar Collector”, Heat 

Mass Transfer, 13, pp. 651-657. 

[56] Kundu, B., 2002, “Performance Analysis and Optimization of Absorber Plates of 

Different Geometry for a Flat-Plate Solar Collector: A Comparative Study”, Applied 

Thermal Engineering, 22, pp. 999-1012.   

[57] Badescu, V., 2005, “Optimum Fin Geometry in Flat Plate Solar Collector Systems”, 

Energy Conversion and Management, 47, pp. 2397-2413.   

[58] Witry, A, Al-Hajeri, M. H., and Bondok, A.A., 2004, “Thermal Performance of 

Automotive Aluminium Plate Radiator”, Applied Thermal Engineering, 25, pp. 1207-

1218. 

[59] Bundy, 2010,  Processo Geral, Novelis, 2010, Personal Communication. 

[60] Roll Bond Evaporator, 2011.  

http://tommyji.en.made-in-china.com/offer/oelxbaJOHfRw/Sell-Roll-Bond-Evaporator-

for-refrigerator-and-Ice-box-.html. 

[61] Hermann, M., 2008, “Development Of Solar Collectors With Fractherm Aluminum Roll-

Bond Absorber,” Fraunhofer Institute for Solar Energy Systems, Freiburg. 

[62] Simulia, “Unified Finite Element Analysis,”  

http://www.simulia.com/products/unified_fea.html. 

[63] Shi, Y., 2009, “Channel forming simulation results,” Novelis, Kingston, ON, Personal 

Communication. 

[64] FLUENT v. 6.3.26 software and documentation, 2006, ANSYS Inc., Canonsburg, PA 

[65] Herman, M., Lunz, K., Keyl, H.-M., and Stryi-hipp, G., DATE, “Fluid Flow Investigation 

of Bionic Absorbers Made from Aluminum and Steel,” Institute for Solar Energy 

Systems (ISE),  Fraunhofer, Germany 

[66] Rust-Oleum Corp., 2010, “Material Safety Data Sheet: Section 1 - Chemical Product / 

Company Information,” Accessed: June 2010    

[67] Maldague, X., Cielo, P., Poussart, D., and Emerson, P., 1989, “Thermographic 

Nondestrucitve Evaluation of Turbine Blades,” 139 



 

135 

 

[68] SOLEC, 2010, “SOLKOTE HI/SORB-II Selective Solar Coating,” Accessed: May 2010. 

http://www.solec.org/solkotehome.htm#OPTICAL CHARACTERISTICS 

[69] Fischer, C., 2009, “Absorber Coating,” Presentation,  Kingston, ON. 

[70] Bodycite Nateruaks Testing Canada, 2006, “Solar Collector Test Report,”  Mississauga, 

ON. 

[71] Idelchik, I.E., 2009, “Handbook of Hydraulic Resistance,” Begall House, New York. 

[72] Miller, D S., 2009, “Internal Flow Systems,” Miller Innovations, Bedford : Miller 

Innovations. 

[73]  UGS, 2006, “Solid Edge,” Siemens. 

[74] Harrison, S. J., 2012, “Collector Dimensions” [E-Mail] Kingston, ON, Personal 

Communication. 

[75] Exova, 2012, “Solar Testing Facility.”   

http://www.exova.ca/index.php?option=com_content&view=article&id=1056. 

[76] EnerWorks, Inc. 2006, “Solar Collector Certification and Rating: Certified Solar 

Collector” , SRCC, Accessed: September 2006, 

http://www.solarenergymarketing.com/web%20site%20downloads/SRCC%20CSA%20c

ertifications/SRCC%20OG100%20Certification%20Commercial%2009%202006.pdf. 

[77] Alanod Solar, 2012, “Microtherm Alanod Solar Sunselect,” 

 http://alanod-

solar.com/opencms/export/alanod_solar/downloads/mirotherm_afb_E_04_09.pdf. 

[78] Bundy, 2012, “Roll-Bond’. Accessed: June 2012. 

http://www.bundyrefrigeration.com/pdfs/Roll_Bond.pdf. 

[79] Abbot, M. B., and Basco, D. R., 1989, “Computational Fluid Dynamics,” Longman 

Group, Burnt Mill. 

[80] White, F.M., 2003, “Fluid Mechanics,” McGraw-Hill Higher Education, Boston, MA. 

[81] Oosthuizen, P.  “CFD Modelling Workshop,” Kingston, ON. 

[82] Rysanek, A. M., 2009, “Second Law Performance Analysis of a Large Thermal Energy 

Storage Vessel Using CFD,” Queen's University, Kingston, ON. 

[83] Basarir, M.N., 2009, “Numerical Study of the Airflow and Temperature Distributions in 

an Atrium,” Queen's University, Kingston, ON. 



 

136 

 

[84] Gascoigne, M. and Ahmadzadeh, J., 1976, “Efficiency of Solar Collectors,” Energy 

Conversion, 16, pp. 13-21. 

[85] Cindrella, L., 2007, “The real utility ranges of the solar selective coatings,” Solar Energy 

Materials and Solar Cells, 91, pp. 1898-1901. 

[86] Bhide, V.G., Vaishya, J., Nagar, V., and Sharma, S., 1982, “Choice Of Selective 

Coatings For Flat Plate Collectors,” Solar Energy,   29 

[87] Agarwal, R.C. and Pillai, P.K.C., 1981, “Factors Influencing Solar Energy Collector 

Efficiency,” Applied Energy, 8, pp. 205-213. 

[88] Hermann, M., Kock, L., Di Lauro, P., Bauch, M. and Klemke, M., 2011, “New Absorber 

Manufacturing and Materials: Challenges for Absorber Design and Evaluation,” Institute 

for Solar Energy Systems, Freiburg, Fraunhoffer.  

[89] Whillier, A., “Prediction of Performance of Solar Collectors,”  Applications of Solar 

Energy for Heating and Cooling of Buildings.  

 



 

137 

 

Appendix A 

Microtherm Sunselect Details 
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Appendix B 

SRCC Rating of EnerWorks™ Residential Collector 
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Appendix C 

SRCC Rating of EnerWorks™ Commercial Collector 
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Appendix D 

Roll Bonding Facility Information 
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Appendix E 

Mini-Collector Draft Documentation 
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Appendix F 

20mm Channel Width Computer Model Height Results 
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Appendix G 

Mini-Collector Thermal Test Data 

 

  

Notes:  0 condenstation

Varying Winds NE

Tbath 7 °C

Area =  0.13805

Time Air Tempanometer ReadRadiation  Inlet Temperature ΔT Flow Rate Wind Speed Qu (j/hr) n= Tin ‐ Tamb T/G T^2/G Cp

 (°C) (mV) (W/m2)  (°C)  (°C) (mL/Minute) (kM/h) mj/hour

11:10 4.7 ‐8.64 1056.235 8.500 15.26 110 3.2 423166 0.423166 0.806142 3.800 0.003598 0.013671 4.201577

11:11 4.7 ‐8.64 1056.235 8.524 15.217 110 7.2 421972.2 0.421972 0.803867 3.824 0.00362 0.013844 4.201563

11:12 4.8 ‐8.64 1056.235 8.510 15.202 110 6.4 421551.1 0.421551 0.803065 3.710 0.003512 0.013031 4.201512

11:13 4.6 ‐8.63 1055.012 8.498 15.175 110 8.2 420814.9 0.420815 0.802592 3.898 0.003695 0.014402 4.201637

11:15 4.5 ‐8.62 1053.79 8.481 14.884 110 10.4 412752.1 0.412752 0.788127 3.981 0.003778 0.015039 4.201706

11:16 4.7 ‐8.61 1052.567 8.369 14.913 110 10.4 413551.2 0.413551 0.79057 3.669 0.003486 0.012789 4.201654

11:17 4.4 ‐8.62 1053.79 8.375 14.924 110 10 413873.4 0.413873 0.790268 3.975 0.003772 0.014994 4.201828

11:18 4.7 ‐8.64 1056.235 8.488 14.833 110 4.6 411325.8 0.411326 0.783586 3.788 0.003586 0.013585 4.201584

11:19 4.2 ‐8.65 1057.457 8.433 14.942 110 11.1 414380.9 0.414381 0.788493 4.233 0.004003 0.016945 4.201913

11:20 4.7 ‐8.63 1055.012 8.354 14.991 110 5.7 415715.1 0.415715 0.792865 3.654 0.003463 0.012656 4.201663

11:21 5.3 ‐8.63 1055.012 8.516 14.753 110 3.9 409071.4 0.409071 0.780194 3.216 0.003048 0.009803 4.201215

AVERAGE 4.663636 ‐8.631818182 1055.234 8.458909091 15.00854545 110 7.37272727 416197.6 0.416198 0.793618 3.795 0.003597 0.01365 4.201622

Tbath 22 °C

Time Air Tempanometer ReadRadiation  Inlet Temperature ΔT Flow Rate Wind Speed Qu n= T/G T^2/G

 (°C) (mV) (W/m2)  (°C)  (°C) (mL/Minute) (kM/h) mj/hour

11:48 5 ‐8.66 1058.68 20.720 11.036 110 3.6 305537.2 0.305537 0.580712 15.720 0.014849 0.233421 4.194773

11:49 5 ‐8.64 1056.235 20.176 11.783 110 5.4 326239.4 0.326239 0.621494 15.176 0.014368 0.218049 4.195045

11:50 4.7 ‐8.62 1053.79 20.362 11.807 110 7.5 326908.3 0.326908 0.624213 15.662 0.014863 0.232777 4.195102

11:51 5 ‐8.65 1057.457 20.432 11.873 110 3.2 328721.2 0.328721 0.625498 15.432 0.014593 0.225207 4.194917

11:52 5 ‐8.63 1055.012 20.741 11.681 110 7.2 323393.6 0.323394 0.616787 15.741 0.01492 0.234859 4.194763

11:53 5.2 ‐8.61 1052.567 20.870 11.572 110 9 320363.4 0.320363 0.612427 15.670 0.014887 0.233286 4.1946

11:54 5.4 ‐8.61 1052.567 20.665 11.732 110 8.2 324793.1 0.324793 0.620895 15.265 0.014503 0.221383 4.194603

11:55 5.1 ‐8.60 1051.345 20.795 11.611 110 9.3 321449.7 0.32145 0.615218 15.695 0.014929 0.234303 4.194687

11:56 4.9 ‐8.56 1046.455 20.897 11.655 110 7.5 322671.6 0.322672 0.620442 15.997 0.015287 0.244544 4.194735

11:57 4.8 ‐8.57 1047.677 20.950 11.735 110 7.2 324888.2 0.324888 0.623976 16.150 0.015415 0.248953 4.194759

11:58 5.1 ‐8.58 1048.9 20.099 11.584 110 3.6 320728.7 0.320729 0.615269 14.999 0.0143 0.214482 4.195033

11:59 5.5 ‐8.58 1048.9 21.322 11.49 110 3.9 318065.3 0.318065 0.61016 15.822 0.015084 0.238665 4.194231

AVERAGE 5.058333 ‐8.609166667 1052.465 20.66908333 11.62991667 110 6.3 321979.8 0.32198 0.615576 15.611 0.014833 0.231547 4.19477

Tbath 47 °C

Time Air Tempanometer ReadRadiation  Inlet Temperature ΔT Flow Rate Wind Speed Qu n= T/G T^2/G

 (°C) (mV) (W/m2)  (°C)  (°C) (mL/Minute) (kM/h) mj/hour

12:38 5.9 ‐8.55 1045.232 36.789 9.29 110 5.4 256747.8 0.256748 0.494259 30.889 0.029552 0.91284 4.187425

12:39 5.8 ‐8.54 1044.01 37.254 9.06 110 4.6 250383.2 0.250383 0.482572 31.454 0.030128 0.947648 4.187291

12:40 5.9 ‐8.52 1041.565 37.280 9.14 110 4.3 252591.3 0.252591 0.48797 31.380 0.030128 0.945409 4.187245

12:42 5.4 ‐8.52 1041.565 37.204 9.44 110 12.9 260895.3 0.260895 0.504012 31.804 0.030535 0.97113 4.187457

12:43 5.3 ‐8.54 1044.01 36.080 10.21 110 10.8 282206.9 0.282207 0.543906 30.780 0.029482 0.907471 4.187915

12:44 5.2 ‐8.54 1044.01 36.179 10.53 110 9 291051.8 0.291052 0.560953 30.979 0.029673 0.919243 4.187916

12:45 5.5 ‐8.54 1044.01 36.426 10.7 110 12.2 295736 0.295736 0.569982 30.926 0.029622 0.9161 4.187709

12:46 5.5 ‐8.52 1041.565 37.080 9.86 110 10.8 272503.5 0.272504 0.526438 31.580 0.03032 0.957498 4.187466

12:47 5.3 ‐8.51 1040.342 36.159 9.99 110 9.3 276124 0.276124 0.534059 30.859 0.029662 0.915351 4.187885

12:48 5.6 ‐8.51 1040.342 36.273 9.71 110 7.2 268374.8 0.268375 0.519071 30.673 0.029484 0.904349 4.187729

12:49 5.4 ‐8.51 1040.342 36.394 9.42 110 12.2 260361.3 0.260361 0.503572 30.994 0.029792 0.923377 4.187759

12:50 5.3 ‐8.49 1037.897 36.050 10.29 110 13.6 284418.9 0.284419 0.551398 30.750 0.029627 0.911037 4.187927

AVERAGE 5.508333 ‐8.524166667 1042.074 36.59733333 9.803333333 110 9.35833333 270948.8 0.270949 0.523178 31.089 0.029834 0.927502 4.187642

Tbath 70 °C

Time Air Tempanometer ReadRadiation  Inlet Temperature ΔT Flow Rate Wind Speed n T/G T^2/G

 (°C) (mV) (W/m2)  (°C)  (°C) (mL/Minute) (kM/h)

13:40 6.2 ‐7.99 976.7726 53.520 7.6 110 6.8 209780 0.20978 0.432147 47.320 0.048445 2.29243 4.182217

13:41 5.9 ‐8.00 977.9951 51.780 9.02 110 8.6 249006.1 0.249006 0.512312 45.880 0.046912 2.152336 4.182726

13:42 6.1 ‐7.97 974.3276 51.400 9.12 110 8.6 251769.5 0.251769 0.519947 45.300 0.046494 2.10616 4.182773

13:43 6.1 ‐7.96 973.1051 52.390 8.26 110 11.5 228014.3 0.228014 0.47148 46.290 0.047569 2.201986 4.182521

13:44 6.6 ‐7.95 971.8826 52.780 7.33 110 6.1 202331.3 0.202331 0.4189 46.180 0.047516 2.19429 4.1823

13:45 6.5 ‐7.93 969.4377 53.650 6.3 110 9.3 173892.3 0.173892 0.360929 47.150 0.048636 2.293208 4.182114

13:47 6.2 ‐7.92 968.2152 53.120 5.94 110 10.8 163963.5 0.163963 0.34075 46.920 0.04846 2.273757 4.182315

13:48 6 ‐7.91 966.9927 52.810 6.44 110 12.6 177770.5 0.17777 0.369911 46.810 0.048408 2.26597 4.18244

13:49 5.8 ‐7.89 964.5477 51.880 7.94 110 12.9 219191.6 0.219192 0.457258 46.080 0.047774 2.201412 4.182726

13:50 5.7 ‐7.86 960.8802 50.760 9.14 110 19 252338.1 0.252338 0.528414 45.060 0.046895 2.113066 4.183046

13:51 5.9 ‐7.85 959.6577 50.230 9.57 110 12.6 264215.1 0.264215 0.553991 44.330 0.046194 2.04776 4.183134

AVERAGE 6.090909 ‐7.93 969.4377 52.211 7.878181818 110 10.8 217476.8 0.217477 0.451392 46.120 0.047574 2.194112 4.182568
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Appendix H 

Principles of Hydraulic Resistance 

The following subsections will discuss the theory and governing equations used to select 

the absorber design for investigated and to compile design tools used in the development of the 

absorber.  

2-D numerical models offer a rapid, accurate method for modeling and designing 

hydraulic systems. The following subsections will discuss some of the critical hydraulic concepts 

used for the numerical models within this work. Topics will include resistance to flow in tubes, 

resistance to merging and dividing flow streams and resistance to flow with changes in flow area.  

These reviews are primarily based on the works of Idelchik [71] and Miller [72]. 

Resistance to Flow in Tubes 

Energy is required to overcome the resistant forces arising from the flow of fluids 

through a pipe. This loss of energy is due to the conversion of mechanical energy into heat, and 

results in a pressure drop within the fluid to conserve energy.  

Pressure losses along a straight tube or conduit can be approximated by using the Darcy-

Weisbach equation below.  

 

∆
2 2

 
7.1-1

Where:  

∆  = Overall pressure difference 

 = Friction coefficient  

 = Density of fluid 

 = Coefficient of fluid resistance  
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 = Hydraulic diameter 

  = Stream velocity 

 

The hydraulic diameter can be approximated, for fluid passages which are not circular. 

This approximation is appropriate for flows in which the thickness of the boundary layer is very 

small over the entire perimeter of the cross section. The hydraulic diameter is defined below in 

Eq. 7.1-1. 

       7.1-2 

The friction factor  is dependent on the parameters of the pipe and the velocity of the 

fluid flow.  For laminar flow the flow coefficient can be approximated by 64 divided by the 

Reynolds number. The flow coefficient for turbulent flows can be estimated using a Moody chart.  

The bending of flow in curved tubes requires separate characterization as a change in the 

direction of flow results in the appearance of centrifugal forces directed from the center of 

curvature to the outer wall of the tube. This results in a decrease of pressure on the inside of the 

channel and an increase of pressure on the outside.  Additional losses above normal pipe friction 

are established in developed flow conditions after a bend. These losses can be characterized by a 

total loss coefficient. An appropriate loss coefficient can be established using empirical data, the 

Reynolds number and a ratio of the radius of the bend to the diameter of the pipe.  

Resistance to Dividing and Merging Flow Streams 

A dividing flow stream, known as a wye, is characterized by the branching angle α, the 

ratio of the cross-sectional areas of its branches and the ratio of flow rates and velocities. One 

such wye connection is that of the T junction where the branching angle is fixed at 90°, as 

illustrated in Fig. 7.1-1: Typical Converging T Junction.  
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Fig. 7.1-1: Typical Converging T Junction [71] 

In general, the principal losses in a converging wye are composed of the losses due to 

mixing of two streams moving with different velocities, the losses due to flow turning when 

passing from the side branch into the main channel, the loss due to flow expansion, and the losses 

associated with a smooth branch. The losses in a diverging wye are composed mainly from 

sudden expansion at the place of flow division, losses associated with flow turning into the side 

branch, loss in the smooth passage of the side branch and losses due to a sudden contraction of 

the passage.  

The expression for the fluid resistance coefficient of wyes has the general form below.  

∆

/
1 1       7.1-3 

Where	  is the coefficient of kinetic energy of the flow in the section. 

Subscripts l and t refer to laminar and turbulent flow respectively. The coefficients of fluid 

resistance can be found in dimensionless tables based on empirical results within Idelchik [71]. 

These results are inclusive of both a divergent and convergent junction.  

Resistance to Flow through Orifices with Changes in Flow Area 
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An expanding or contracting tubular section is used to make the transition between two 

cross sectional areas and to convert kinetic energy into potential energy (pressure) or, vice versa. 

These changes of area can be included within a wye to produce specific pressures at each 

connection. In these cases, the fluid resistance is determined for each branch individually based 

on the ratio of flow rates and areas. This dimensionless value can be looked up based on 

dimensionless empirical data.  

 

Figure 7.1-2: Multi diameter Wye [71] 

  



 

155 

 

Appendix I 

Optimized Geometry Solver for Parallel Absorber Plates 

The optimized geometry solver for parallel absorber plates (OGSPAP) is an iterative tool, 

used to select the geometry of a header on a parallel flow absorber in order to achieve balanced 

flow.  

The solver allows for definition of header geometry based on calculated pressure drop 

throughout each component of the system. The solver makes the assumption that all fluid flow 

through the collector remains laminar, and the properties of the fluid remain fixed (i.e. not 

affected by temperature).  Pressure drop within the system is then controlled by adjusting the 

diameter in various locations along the header.  

The following describes the logic and parameters used within the software for the parallel 

flow absorber represented by Figure 7.1-3. The solver requires the diameter of the inlet and risers 

to be fixed and the diameters of the distributing and collecting header are set equal for symmetry 

within the panel.  
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Figure 7.1-3: Simple parallel flow layout 
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 Recalling that pressure drop is a function of fluid resistance, the coefficient of fluid 

resistance needs to be calculated for each riser, at each wye junction and for each section of pipe 

flow. Consequently the collector is broken down into sections/components (Wye, Riser and 

sections of pipe) for analysis. Figure 7.1-4 depicts the sections used by the solver.  

 

Figure 7.1-4: OGSPAP pressure drop sections 

For a balanced system, the mass flow rate through each riser is equal; therefore the mass 

flow rate in any section of the absorber plate can be calculated. For example, the mass flow rate 

through Section 1 is equal to the total mass flow rate minus the flow rate through the riser. 

Understanding the mass flow rate, the pressure drop can be calculated across each section using 

the relationships outlined by Idelchik [71]. 
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The overall pressure drop of through the system is expressed as a function of the pressure 

drop through each portion of the absorber.  

 

∆ 1 	1 	 2 3 3 	

	4 	 	4 	 

∆ 2 	1 1 	2 	

	 	3 	 	4 	 	4  

∆ 3 	1 	1 	2 	2

	 	1 	Riser	 	4 	  

 

7.1-4

For a balanced system, ∆ 1 ∆ 2 	∆ 3	, and therefore the pressure at Wye 1, Wye 2 

and bend 1 is equal. OGSPAP, iteratively calculates the diameters required in each wye to ensure 

that the pressure drop through each branch is equal, using the built in Microsoft excel solver.  All 

diameters in the system are initially set to be equal and are modified with each iteration.  

The solver settings are displayed in Figure 7.1-5 and a screen capture of the OGSPAP 

solver spreadsheet is included in Figure 7.1-6. Finally, the theoretical design was imported into 

FLUENT for hydraulic modeling. The resulting pressure and velocity contours are illustrated in 

Figure 7.1-7: Pressure and velocity contours of an OGSPAP design. 
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Figure 7.1-5: Excel Solver Settings for OGSPAP 

   



 

160 

 

 

Figure 7.1-6: OGSPAP Screen Image 
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Figure 7.1-7: Pressure and velocity contours of an OGSPAP design 
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Appendix J 

Updated Collector Specifications 
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Appendix K 

SRCC/Exova Test Data 

 

Table 7.1-1: Roll-bond Collector 4 - SRCC Test Results 

 

 

Date/Time Len G Gdn Ta Ti T m•Cp m* Ti-Ta (Ti-Ta)/G 
min. W/m² W/m² °C °C °C W/°C kg/s °C °C m²/ W  

2009-12-17  15:32 5 901 n/a 20.0 22.0 10.85 93.0 0.0260 2.0 0.0023 0.778

2009-12-17  15:37 5 901 20.0 22.0 10.83 93.0 0.0259 2.0 0.0023 0.777

2009-12-17  15:42 5 900 20.0 22.0 10.83 93.2 0.0260 2.1 0.0023 0.780

2009-12-17  15:48 5 902 20.0 22.0 10.84 93.2 0.0260 2.0 0.0023 0.778

2009-12-17  16:40 5 897 20.0 22.0 5.63 187.2 0.0526 2.1 0.0023 0.816

2009-12-17  16:45 5 898 19.9 22.0 5.61 188.3 0.0529 2.0 0.0023 0.817

2009-12-17  16:50 5 896 19.9 22.0 5.58 188.2 0.0528 2.1 0.0023 0.816

2009-12-17  16:55 5 898 19.9 22.0 5.59 188.2 0.0528 2.1 0.0023 0.815

2009-12-17  17:49 5 896 20.0 42.0 9.27 95.9 0.0263 22.0 0.0245 0.689

2009-12-17  17:54 5 896 20.0 42.0 9.25 96.0 0.0263 22.0 0.0245 0.689

2009-12-17  17:59 5 896 20.0 42.0 9.26 96.0 0.0263 22.0 0.0246 0.689

2009-12-17  18:04 5 895 20.0 42.0 9.28 95.8 0.0262 22.0 0.0245 0.690

2009-12-17  19:00 5 897 20.0 60.1 7.82 95.8 0.0258 40.1 0.0447 0.580

2009-12-17  19:05 5 900 20.1 60.1 7.80 95.9 0.0258 40.0 0.0445 0.577

2009-12-17  19:10 5 900 20.1 60.1 7.83 95.9 0.0258 40.0 0.0445 0.579

2009-12-17  19:15 5 902 20.0 60.1 7.83 95.9 0.0258 40.1 0.0445 0.579

..
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Appendix L 

Absorber Mesh Definition 

Models used within this work were created using geometrical information gathered in 

Section 4.3.1.2 and measurements of exterior dimensions or OGSPAP predicted geometries. 

Geometries were configured and developed in Solid Edge to produce a CAD model of the interior 

flow passages. The CAD model was then imported into GAMBIT and meshed for use with 

FLUENT. Two types of meshes were employed within this work, a standard hexhedral mesh 

(structured) and a tetrahedral mesh. Both types of mesh are illustrated in Figure 7.1-8. 

Wherever possible the absorber was split and a structured mesh used to reduce the cell 

count and consequently computational time. Designs without large areas of linear flow were 

configured using only a fine tetrahedral hybrid mesh. This was also the case for Witry, Al-Hajeri 

and Bondok [58]. An example of the tetrahedral mesh employed is illustrated in Fig. 4.3-11.  A 

grid sensitivity analysis was carried out, and a coarse grid found to be appropriate for this work.  

 

Figure 7.1-8: Visual Representation of a Hexahedral and Tetrahedral mesh 
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Appendix M 

Computational Fluid Dynamics – Governing Equations and Modeling 

Principles 

Introduction 

Computational fluid dynamics (CFD) allows for the modeling of fluid mechanics, heat 

transfer and the associated processes in a given environment, to be solved using numerical 

analysis techniques. The understanding of these processes requires a fundamental understanding 

of the theory governing the numerical solution. This section will review the governing equations 

of fluid flow and describe CFD modeling principles used in this work.  

This review is primarily based on the textbooks by Abbot [79] and White [80], as well as 

the workshop material provided by Dr. Oosthuizen [81] and documentation provided with the 

commercial CFD software [64], and material review by Rysanek [82] and Basarir [83].  

Governing Equations of a Fluid Element in Motion 

“To review the governing equations of fluid flow a coordinate system must be chosen.  

Figure 7.1-9 illustrates a standard coordinate system with fluid element shown in relation to 

neighboring fluid elements.  Also illustrated is the mass, selected dimensions and corresponding 

volume.  The following subsections outline the primarily governing equations.   
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Figure 7.1-9: Dimensions and properties of a fluid element in motion [82] 

The Continuity Equation  

Mass cannot be created or destroyed, therefore the rate at which mass increases in a fluid 

element must be reflected by a change in the net outflow at the element boundary. This process is 

reflected in the continuity equation below.   

 

0 

 

  7.1-5 

 

For the case of incompressible flow, this equation can be further simplified as a change in 

density cannot be incurred. The resulting simplified continuity equation, Eq. 7.1-6, is below.  

0 7.1-6
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Conservation of Momentum Equation and the Navier-Stokes Equation 

Newton’s second law states that the net force on the fluid elements equals the mass times 

the acceleration of the element. This can be extended to derive the conservation of momentum, 

which states that the total momentum of a closed system of objects is constant and thus the 

momentum increase by a fluid element is equal to the sum of forces acting on it. For numerical 

modeling the equation is divided into the individual Cartesian components. The resulting formula 

for the x, y and z coordinates can be seen in Eq. 7.1-7, 7.1-8 and 7.1-9 respectively.   

 

 

 

7.1-7 

 

 

7.1-8 

 

 

7.1-9 

In the current form, the momentum equations above have a number of unknowns 

including density and an assortment of velocity and shear stress variables. A direct numerical 

interpretation of these equations would require complex mathematic algorithms.  The Navier-

Stokes equation, allows for a very useful simplification by making use of the properties of a 

Newtonian fluid. The simplified Navier-Stokes equation for an incompressible fluid is 

represented below in 7.1-10, 7.1-11 and 7.1-12.  
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       7.1-10 

 
7.1-11 

 
7.1-12 

Energy Equation for Incompressible Flow 

The energy equation concerns the first law of thermodynamics, the physical principle of 

conservation of energy.  When applied to fluid element in motion the rate of energy change inside 

an element must equal the sum of the net flux of heat and the rate of work due to body and 

surface forces.  A simplified form of the equation is represented below by 7.1-13, where  

denotes the viscous dissipation and f ∙  is the rate of work done by the body forces acting on 

the fluid element moving at a velocity V.  

 

2
f ∙  7.1-13 

Turbulence Modeling  

When a fluid flowing at high velocity has inertial forces that outweigh the magnitude of 

vicious forces it becomes turbulent. This results in the seemingly random fluctuations in the fluid 

velocity. A Reynolds number, as described in Eq. 7.1-14, can be used to qualitatively determine a 

fluids state of laminar, transitional or turbulent flow.  
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																																																				  7.1-14 

 

Modeling turbulent flow presents a number of problems as direct numerical analysis of 

turbulence phenomena remains impractical for large-scale studies. The features of turbulent flow 

regimes can however be successfully predicted through the application of turbulence models, 

which focus on the mean properties of a turbulently flowing fluid, estimated using time 

averaging. “ 

Although the solver, FLUENT, has a number of available turbulence models the K-ɛ was 

selected for all turbulent modeling within this work. A similar study conducted by Witry, Al-

Hajeri and Bondok [58] on the modeling turbulent flow regimes through an automotive roll-bond 

heat exchanger, demonstrated this model as an appropriate accurate choice. The K-ɛ model is 

considered the industry standard for most engineering flows. It employs two transport equations 

solving for the turbulent kinetic energy as well as the dissipation rate which together allows the 

turbulent viscosity [82].  

Solver Settings 

The choice of solver settings is based literature reviewed on other studies and guidelines 

provided in the FLUENT documentation. The following solver settings were used in all the 

simulations in this study.  

 Double precision, segregated steady solver 
 SIMPLE pressure velocity coupling 
 Convergence criteria of 0.001 

 


