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Abstract 
The principal objective of the present study is to assess the influence of wind on the 

heat loss from a generic cavity solar receiver under different geometrical 

configurations and operating conditions. This understanding is needed to provide 

insight into approaches with which to increase the thermal efficiency of a solar 

cavity receiver. The results from this work can be used to reduce the cost of 

concentrating solar energy and increase the rate of penetration of sustainable and 

renewable energy sources. 

 

A purpose built modular and cylindrical cavity receiver was mounted in a large-

scale wind tunnel in order to quantify heat losses under the different conditions. 

The cylindrical cavity was lined up with 16 well controlled and separated heating 

strips to investigate the effect of the internal temperature and its distribution on heat 

losses. A systematic experimental study was performed to assess the influence of 

wind speed (𝑉 = 0, 3, 6, 9 and 12 m/s), yaw angle (α = 0°, 22.5°, 45°, 77.5° and 90°), 

tilt angle (𝜑 = 90°, 45°, 30°, 15° and -90°), cavity aperture ratio (0.33, 0.5, 0.75 and 

1), internal walls temperature (𝑇 =100, 200, 300 and 400 °𝐶) and 4 combination of 

temperature distribution inside the cavity. The data was analysed, then the total heat 

loss, normalised heat loss, and heat loss distribution through the internal walls of 

the heated cavities are presented.  

To further our understanding of the heat transfer and fluid flow inside and outside 

a cavity receiver, a numerical model of a solar cavity receiver was developed to 

assess the effect of aspect ratio (0.5 to 3) and head-on wind speed on the forced and 

natural (combined) convective heat loss and area-averaged convective heat flux 
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from a cylindrical solar cavity receiver. The temperature distribution and velocity 

of air in the cavity are also presented. 

The present study found that increasing the cavity aspect ratio leads to a reduction 

in the influence of wind speed on the combined convective losses per unit of cavity 

internal area. Consequently, the overall efficiency of a solar cavity receiver 

increases with the cavity aspect ratio for the conditions assessed in this study (aspect 

ratio below 3). The influence of head-on wind speed on the heat losses was found 

to be ~ 4 times higher than the side-on wind for (1/𝑅𝑖 > 19). Decreasing the aperture 

ratio 𝐷𝑎𝑝/𝐷𝑐𝑎𝑣  from 1 to 0.33, acts to reduce the natural convective losses (at zero 

wind speed) by up of to a factor of 5, while the effect of this ratio diminishes as 

wind speed is increased. For high wind speed, the heat loss from the upward facing 

cases (𝜑 = −90°) is approximately 3 times lower than the downward tilted cases 

(𝜑 = 15°) for a head-on wind condition. The heat losses from the upward facing 

cases are similar with the side-on wind conditions. For a downward tilted solar 

cavity receiver, an “upper or rear surface hotter” cavity has less overall heat losses 

compared with the other cases. There is also a slight advantage with respect to heat 

loss in keeping the tilt angle of a solar cavity between 15° and 30°. 
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1.1 Introductory background 

Due to the negative environmental impacts of fossil fuels, depletion of their reserves 

and, in some cases, an increase in their cost, the interest in renewable and 

sustainable energy sources is on the rise. Solar, wind, biomass, geothermal and 

hydroelectric energy are the most common potential alternative renewable energy 

sources (Salvadore and Keppler, 2010). Despite the urgent need to decrease the 

consumption of fossil fuels, it still accounts for about 82% of the present world 

energy demand (Birol, 2017), because the technologies to utilize renewable energy 

are less mature than those to utilize fossil fuels, often leading to a higher cost of 

power generation. The sun, the world’s primary source of energy with a surface 

temperature of 5800 K, is an unlimited source of energy. The radiation from the sun 

is also freely available with a smaller impact on ecology compared with fossil fuels 

(Price, 2003; Romero and Steinfeld, 2012). Therefore, the overall aim of the present 

research is to reduce the cost of harvesting and storing solar energy, to be used as 

an alternative energy source. 

 

In looking at the scale of energy need, one finds that on the one hand, the global 

energy consumption is estimated to be 5.75 × 1020 J (Birol, 2017), ~86% of which 

comes from non-renewable sources. On the other hand, there is ~2.81 × 1024J 

(2.81YJ) of energy enters the atmosphere from the sun annually, a schematic 

diagram of the incoming solar power to the earth is shown in Figure 1.1 

(International Energy Agency, 2013; Zhang et al., 2013). Solar energy is the largest 

energy sources available on earth and is about 4800 times greater than the energy 

consumption by humans. Therefore, there is a strong potential for solar energy to 
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become a dominant source of alternative energy for society. Figure 1.2 shows the 

yearly sum of DNI distribution on the earth surface. It shows that Australia is one 

of the countries with the highest annual solar insolation and hence a strong potential 

to use solar energy as one of the major energy sources.  

 

However, solar energy is inherently intermittent, distributed unequally over the 

earth and highly diluted, due to the geometrical constraint of a large distance 

between the sun and the Earth (Romero and Steinfeld, 2012).  

 

Figure 1.1: Schematic diagram of the incoming solar power of the Earth. 

As a result, only about 1 kW/m2 heat flux reaches the earth’s surface. This flux is 

not high enough to heat a fluid to the temperatures required for large-scale 

electricity generation or mineral processing. Moreover, high temperature are 

required for high efficient power cycles. Optical concentrator devices are needed to 

enable sufficiently high solar radiative fluxes for this purpose. These devices 
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typically use large reflective surfaces to concentrate the direct incident solar 

radiation onto a solar receiver, which typically heats a heat transfer fluid to drive 

concentrated solar power (CSP) technologies. The resulting concentration ratio is 

defined as the projected reflection surface area divided by the projected receiver 

aperture area. 

 

Figure 1.2: Figure of the yearly sum of Direct Normal Irradiation (DNI) from measured data 

of weather stations and satellites (Meteotest, 2010). 

1.2 Type of concentrated solar power technologies 

There are four types of commercially available CSP technologies, namely parabolic 

trough (PT) collectors, parabolic dish (PD) collectors, Linear Fresnel (LF) 

reflectors and the central receivers (CR) system (Barlev et al., 2011; IEA-ETSAP 

and IRENA, 2013; Johnston, 1995). These configurations are shown schematically 

in Figure 1.3. Parabolic trough and linear Fresnel systems are 2-D (linear) 

concentrating focus systems, which use thin and long segments of reflectors to 

focus the sunlight into a long receiver. Typically the range of concentration ratios 

for these systems varies from 30 to 80, depending on the size and number of the 

reflectors (Bader, 2011). The concentration ratio is defined as the projected 

reflection surface area divided by the projected receiver aperture area. 

Alternatively, CR and PD are 3-D or point concentrating systems, which focus the 
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incident solar radiation onto a single receiver. The typical ranges of concentration 

ratios of these systems are between 200 and 3000, which is higher than the 2-D PT 

and LF systems. Therefore, CR and PD systems can achieve higher output 

temperatures and higher efficiencies for power generation based on Carnot’s law 

(Holman, 1997; Mills, 1999). 

 
Figure 1.3: Schematic diagrams representation of the four types of solar concentrating 

technologies currently applied in commercial CSP plants: (a) parabolic trough collectors (PT), 

(b) linear Fresnel reflector systems (LF), (c) dish-engine systems (DE), and (d) central receiver 

power tower system (CR) system (Romero and Steinfeld, 2012). 

In addition to the capability, CR systems can provide a larger thermal power output 

than PDs, (IEA-ETSAP and IRENA, 2013), and also have a potential to be 

integrated with a thermal energy storage system, which provides the system with a 

capacity to supply energy when sunlight is below the minimum required threshold 

a b 

c d 
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of the solar insolation intensity for the receiver operation (Jafarian et al., 2013; 

Kueh et al., 2015). This enables CRs to have a higher capacity factor than the 

systems without thermal storage. The capacity factor is defined as the ratio of the 

actual output power of a plant, to that which would be achieved at maximum output 

power at full capacity over the same period of time. Consequently, a central receiver 

solar power tower systems has more potential to be used in large-scale power 

generation than other CSP technologies. CSP plant also has a strong potential to be 

used to power off-grid mines, remote towns and other industrial plants which 

require power. Solar power tower is one of the valuable CSP technologies which 

have a high potential to achieve compatible cost with conventional electricity 

generation especially when integratedwith a thermal storage system (Kolb et al., 

2011; Lovegrove et al., 2012). In addition, CR technologies can also be configured, 

either as a standalone power plant or be integrated with some existing power plants 

as a hybrid (Nathan et al., 2014). Moreover, a recent study shows that concentrated 

solar tower can be run in a hybrid mode which reduces the levelised cost of 

electricity (LCOE) by up to 17% and the net fuel consumption by up to 31%, 

depending on the operating conditions (Chinnici et al., 2018). Therefore, hybrid 

solar-combustion power tower systems have a very high potential to lower the 

LCOE in the future (Korzynietz et al., 2012; Nathan et al., 2014). Nevertheless, 

CST is also a very valuable option for standalone power generator with thermal 

storage, hence power can still be generated even when the sun is not shining. CST 

can also be used outside the power-generation area, such as in mineral processing 

and heating where thermal energy is required (ASTRI, 2017).  
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Figure 1.4: Schematic diagram of a concentrating solar thermal power plant (James, 2011). 

A CR system consists of a tower with a mounted solar receiver, which is surrounded 

by a heliostats field to focus the solar radiation into the receiver (Behar et al., 2013; 

Müller-Steinhagen and Trieb, 2004). A typical concentrating solar thermal power 

plant is shown in Figure 1.4. A receiver absorbs the solar-focused irradiation energy 

and heats the heat transfer fluid. The heat transfer fluid is then typically used to heat 

a working fluid, or be directly applied to drive a turbine for power generation 

(Garbrecht et al., 2013). A receiver accounts for around 19% of the total cost of a 

CSP system (Kolb et al., 2011; Price, 2003). Therefore, an effective strategy for the 

decreasing of the cost of power generation from the CR systems is to decrease the 

size and cost of the heliostat field by increasing the efficiency of the solar receivers, 

if the cost of solar receivers cost remain similar. This can be achieved through the 

minimisation of the heat losses from the receivers and increasing its absorption and 

thermal efficiency. In light of the above need, the principal objective of the current 
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research is to improve the solar to thermal efficiency of generic cavity solar 

receivers by providing the new understanding needed to enable industrial receivers 

to be designed more efficiently.  

 

The overall efficiency of a central tower CSP system is strongly influenced by the 

receiver efficiency. Therefore, to effectively estimate the efficiency of a receiver, a 

sound understanding of the different types of the heat transfer from a receiver is 

necessary. Research over many year have shown that there are four main 

components of heat transfer from a receiver, three of which are associated with heat 

losses from a receiver and the fourth of which is to collect the useful energy (Ho 

and Iverson, 2014; Zhang et al., 2013). These three types of heat losses are; 

conductive heat loss from the wall of a receiver, convective heat loss from the cavity 

of a receiver and re-radiation through the receiver aperture. The conductive and 

radiative heat losses from a receiver can be reasonably well estimated with an 

analytical model. However, it is much more challenging to predict the convective 

losses from a cavity receiver. Analytical models are less suitable for such 

predictions since unlike conductive and radiative heat losses, convective losses can 

happen naturally through buoyancy effects and also influenced by wind speed, its 

direction and orientation to the receiver. This problem is further compounded when 

considering the effects of turbulence, mixing and fluid flow. In other words, 

convective heat losses from a cavity are strongly dependent on environmental 

conditions. For these reasons, convective heat losses from a solar receiver are hard 

to predict and are commonly determined experimentally (Ma, 1993). 
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1.3 Type of solar tower receivers 

The absorbed thermal power from a solar receiver can be stored or used directly for 

power generation or industrial heat for mineral or chemical processing. The higher 

the temperature the higher efficiency of power cycles and the more suitable it is for 

a variety of industrial processes (Ho and Iverson, 2014; Kolb et al., 2011; Romero 

and Steinfeld, 2012). The type of receiver’s geometry and absorption efficiency are 

all needed to be considered together to achieve the high temperature. Future systems 

are likely to use higher temperature heat transfer media, which may also be the 

storage media, to achieve a higher temperature (Garbrecht et al., 2013; Hasuike et 

al., 2006; Kolb et al., 2011). To achieve this, a solar receiver with a high 

concentration ratio and lower heat loss will be required (Holman, 1997; Mills, 

1999).  

 

The two main types of solar receivers for a tower system, are classified based on 

their geometry, namely; external (tubular) and cavity type. The schematic 

representation of these receivers is shown in Figure 1.5. An external type receiver 

absorbs radiation from all directions, but it also loses heat to all directions, as shown 

in Figure 1.5 (a). A cavity receiver receives a directional concentrated solar 

radiation into the a well-insulated enclosure containing the absorber and its losses 

are minimized due to the small aperture size where re-radiation and convection can 

occur and insulation of the receiver where conductive heat losses to the external 

wall then it lost to the surrounding shown in Figure 1.5 (b). As the result, the heat 

losses from a cavity receiver are less than those from an external type receiver 

(Falcone, 1986). A solar cavity receiver has a strong potential to reduce the heat 
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loss from a receiver to achieve a high temperature. For that reason, this technology 

is the focus of this project.  

 
Figure 1.5: Schematic diagrams of (a) tubular external and (b) cavity receivers (Ho and 

Iverson, 2014). 
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1.4 Type of heat transfer media 

There are three main types of solar cavity receivers classified by the phase of the 

heat transfer media and those are; gas, solid particle and liquid receivers. 

1.4.1 Gas receiver 

Within a gas receiver, gas is heated by absorbing the power from the concentrated 

sunlight, shown in Figure 1.6. The air is distributed by the distributor at the aperture 

to the absorber tubes. The solar power is absorbed by the absorber tubes then 

transferred to the gas in the tubes. After that the heated gas is collected by the 

collector and exit the cavity receiver. The gas is generally used to generate 

electricity directly with Rankine or Brayton cycles depending on the outlet 

temperature and pressure of the gas (Ávila-Marín, 2011; Ho and Iverson, 2014).  

Volumetric air receivers and tubular gas receivers are the two main types of gas 

receivers. Due to the limited heat transfer capability of gas, gas solar receivers are 

often cavity receiver, otherwise it would lead to high losses if the receiver is built 

as external receiver. However, there are some issue with high temperature storage 

for gas. Therefore storage is more often used in the solid and liquid receiver.  
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Figure 1.6: Schematic diagram of a tubular air-turbine receiver (Ho and Iverson, 2014). 

1.4.2 Solid particle receivers 

Solid particle receivers were proposed in the 1980s to increase the outlet 

temperatures of the receiver to over 1000 °C, which was unachievable by most of 

the gas and liquid receivers explored at that time (Falcone et al., 1985). This type 

of receiver typically uses ceramic particles flowing through a cavity receiver by 

forming a falling particle curtain, as shown in Figure 1.7. The particles are irradiated 

and absorb the concentrated sunlight directly. These heated particles can readily be 

stored and then used to heat a secondary heat transfer or working fluid. Although a 

number of studies have been performed on the particle type of receivers (Falcone 

et al., 1985; Ho et al., 2009; Siegel et al., 2010), the influence of wind on the heat 

loss from a particle cavity receiver is not known. Therefore further study of the 

solid particle cavity receivers is needed to improve the understanding of the heat 

losses from them. 

 

Figure 1.7: Schematic diagram of a design of a falling particle receiver system with integrated 

storage and heat exchange (Ho and Iverson, 2014). 
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1.4.3 Liquid receivers 

Tubular liquid receivers are the main type of the liquid receivers that are used 

commercially. In these systems, the HTF is pumped through the tubes which are 

irradiated by concentrated sunlight. Consequently, the HTF indirectly absorb the 

concentrated solar power from the heated tubes (absorber) in the cavity. This is also 

known as indirectly irradiated receivers (Ho and Iverson, 2014). The HTF from 

these systems can be used directly as a heat source or stored directly as thermal 

storage. 

 

1.5 Convective heat losses from solar cavity receiver 

To understand the heat transfer performance of a cavity receiver, all three types of 

heat losses from a receiver need to be assessed. Typically more than 50% of the 

heat loss from a cavity solar receiver is due to the convection in the conditions with 

wind speed above 9 m/s in some given condition (Ma, 1993); and due to the 

complexity of the convective heat loss there is a lack of reliable and applicable 

knowledge in this field.  

 

Typically, concentrated solar towers are built in remote areas and in very large flat 

fields, which usually have the propensity to strong wind. Furthermore, the location 

of a solar receiver on top of the solar tower, typically between 50 and 200m above 

the ground (Srilakshmi et al., 2015), exposes it to even higher wind speeds (Garcia 

et al., 1998; Li et al., 2010; Peterson and Hennessey Jr, 1978). Therefore, the 

surrounding conditions such as the ambient temperature and wind load can 
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significantly affect a receiver’s performance (Clausing, 1981, 1983; Kim et al., 

2009; Ma, 1993; Xiao et al., 2012). While the effects of radiative and natural 

convective heat losses from a cavity receiver is relatively well understood, the effect 

of convective losses on the cavity’s thermal efficiency and overall performance 

under a windy condition is still very limited. Hence, there is a gap of knowledge 

regarding the effects of wind on the heat loss from a receiver under different 

operating conditions in order to equip engineers and designers with the required 

understanding and the correlation to design more efficient receivers. 

 

The convective heat loss from a cavity receiver, with a windowless aperture, mainly 

depends on the heat transfer rate to the air inside the cavity and the rate of mass 

exchange between the receiver and the environment. Some of the strategies that can 

help mitigate theses heat losses would be to: 1) decrease the rate of mass exchange 

between the receiver and the environment, and 2) decrease the air circulation within 

the cavity. The air flow patterns inside cavities are an important factor of the 

convective heat loss from a receiver. For this reason, the effect of the receiver’s 

geometry and surrounding conditions on the airflow patterns within a receiver needs 

to be particularly investigated in order to provide better understanding and data for 

models development and validation, which can be used to design an optimised 

cavity receiver. 

 

From the brief discussion above, it is apparent, that improving the solar to thermal 

efficiency of a receiver has beneficial impact on reducing the cost of energy using 

CSP technology. The solar to thermal efficiency of a receiver is strongly dependent 



CHAPTER 1 

15 

 

on the convective heat loss from the receiver (Clausing, 1981). Therefore, the aim 

of the present work is to better understand the influence of a cavity receiver’s 

geometries and surrounding conditions on the convective heat loss from it. These 

findings could be used for identification of novel configurations for a solar receiver 

with the optimised design and lower cost of solar energy.  

1.6 Thesis aim and objectives 

1.6.1 Aim 

The overall aim of the present research is to provide the understanding of heat losses 

from a heated cavity, which is needed to enable engineers to more accurately predict 

the heat losses from alternative configurations of solar cavity receiver and, hence, 

to reliably optimise their receiver designs. 

1.6.2 Objectives 

The broad scientific objectives of the thesis are as follows: 

I. To understand the effect of wind and aspect ratio on the convective heat loss 

from cylindrical solar cavity receivers and the flow pattern inside the cavity; 

II. To determine the influence of Grashof number and Reynolds number on the 

heat losses through the aperture of cylindrical solar cavity receivers; 

III. To determine the influence of Reynolds number, wind direction, aperture 

ratio and tilt angle on the heat losses through the aperture of cylindrical 

cavity receivers for the conditions of solar tower system; 
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IV. To determine the influence of Reynolds number and temperature 

distribution over the internal walls of a solar cavity receiver on the heat 

losses through the aperture;  

V. To determine the influence of Grashof number, Reynolds number and 

temperature distribution over the internal walls on heat losses from an 

upward facing heated cavity for a beam-down solar receiver. 

 

1.7 Thesis outline 

The thesis is presented in eight chapters, comprised the introduction, literature 

review, methodology, then the collection of four papers that have been published 

already or are currently under review, and lastly the conclusions. The text below 

describe each chapter and its content. 

 

Chapter 2 provides a critical review of literature related both to the natural 

convective and forced convective heat losses from the aperture of the heated cavity. 

The emphasis of the chapter is on the understanding of the effect of wind on heat 

loss and potential methods to reduce it. The research gap in each section has been 

identified. 

 

Chapter 3 presents a summary of the research methods chosen to address the 

objectives, which comprises Computational Fluid Dynamics (CFD) models and 

wind tunnel experiments.  
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Chapter 4 comprises of a copy of the first journal paper that resulted from this work 

publications. In this chapter, an investigation into the effect of aspect ratio on the 

heat loss from a solar cavity receiver is presented. The effect of aspect ratio and 

head-on wind speed on the forced and natural (which together are termed 

“combined”) convective heat loss from a cylindrical solar cavity receiver is 

reported, as assessed using three-dimensional computational fluid dynamics (CFD) 

models. This assessment was performed by assuming a uniform internal wall 

temperature. The numerical analysis predicted that there are ranges of wind speeds 

for which the combined convective heat losses are lower than the natural convective 

heat loss from the cavity and that this range depends on the aspect ratio of the cavity. 

In addition, the effect of wind speed on the area-averaged flux of convective heat 

loss from a heated cavity was predicted to be smaller for long aspect ratios than for 

short ones. This indicates that the overall efficiency of the solar cavity receiver 

increases with the aspect ratio for all conditions tested in this study. The temperature 

distribution and velocity of air in the cavity are also presented in this chapter.  

 

Chapter 5 comprise the second journal paper from this work. The paper content is 

focussed on the measured influence of wind speed and yaw angle on heat losses 

from a reference configuration of a heated cavity. Conductive and radiative heat 

losses from the system were measured and recorded, to obtain the convective heat 

loss components. Wind speed and direction are the two major variables considered 

in this study. It was found that the convective heat losses through the aperture are 

approximately 4 times greater for the head-on wind case than for the side-on wind 

case, for high wind speed. Heat loss distributions from different sections of the 
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cavity are also presented. Approximately 85% of the heat was lost from the lower 

half of the surface of the cavity for the no-wind condition. The heat loss and its 

distribution are also dependent on the aperture ratio. 

 

Chapter 6 comprise the third journal paper resulting from this work. The paper 

content is focussed on measuring the effects of wind speed, aperture ratio and tilt 

angle on the heat losses from a heated cavity. It was found that the effect of aperture 

ratio on the convective heat losses is strongly coupled with the wind speed. In 

particular, the measured heat loss was found to have a weak correlation with the 

aperture ratio of the cavity, for high wind speed. However, for the no-wind 

condition, the total heat loss can vary by up to ~75% when varying the aperture 

ratio from 0.33 to 0.75. Tilt angle was found to have a relatively weak effect on the 

heat losses in comparison with the aperture ratio and wind speed. In addition, 

although heat losses were found to decrease with increasing the tilt angle for the 

no-wind condition, this statement does not hold for windy conditions.  

 

Chapter 7 comprise the fourth paper that resulted from this work. The paper content 

focusses on assessing the effects of temperature distribution over the internal walls 

of the solar cavity, on the combined heat losses (radiation, natural and forced 

convection) through the aperture. It was found, for the no-wind condition, that the 

internal wall temperature distribution has tangible effects of the convective heat 

losses from the cavity reaching ~50% for the tested cases. Noteworthy, is that for 

cases with the high wind speeds from the head-on direction, the variations in heat 

loss does not exceed ~20%. In addition, an upward facing heated cavity has also 
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been investigated in this study for the potential use in a beam-down solar receiver 

system. Results indicate that convective losses from an upward facing cavity are 

not dependent on wind direction and are not very sensitive to wind speed either. 

Hence this configuration has advantages in terms of convective heat losses in very 

windy locations. 

 

Chapter 8 contains the conclusions from this research along with recommendations 

for further development and applications. 

 

Journal papers: 

 Lee, KL, Jafarian, M, Ghanadi, F, Arjomandi, M & Nathan, GJ , 'An 

investigation into the effect of aspect ratio on the heat loss from a solar 

cavity receiver', Solar energy, (2017), vol. 149, pp. 20-31. 

 

 Lee, KL, Chinnici, A, Jafarian, M, Arjomandi, M, Dally, B & Nathan, G 

'Experimental investigation of the effects of wind speed and yaw angle on 

heat losses from a heated cavity', Solar energy, (2018), vol. 165, pp. 178-

188 

 

 Lee, KL, Chinnici, A, Jafarian, M, Arjomandi, M, Dally, B & Nathan, G, 

‘Experimental investigation of the effects of wind speed, aperture ratio and 

tilt angle on the heat losses from a heated cavity', Solar energy, (2018), 

(Under review). 
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 Lee, KL, Chinnici, A, Jafarian, M, Arjomandi, M, Dally, B & Nathan, G, 

‘The influence of wall temperature distribution, wind speed and tilt angle 

on the heat losses from a heated cavity', Solar energy, (2018), (Under 

review). 

 

1.8 Format 

The thesis has been submitted as a portfolio of the publications according to the 

formatting requirements of The University of Adelaide. The printed and online 

versions of this thesis are identical. The online version of the thesis is available as 

a PDF. The PDF version can be viewed in its correct fashion with the use of Adobe 

Reader 11.    
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2.1 Heat loss from cavity solar receivers  

Solar cavity receivers, as shown in Figure 1.3(d), Figure 1.5(b) and Figure 2.2, 

absorb the solar radiation from a heliostat field and transfer it to the Heat Transfer 

Fluid HTF. Reducing heat losses from the receiver is needed in order to maximise 

the solar to thermal efficiency 𝜂𝑐𝑎𝑣, which is defined in equation (1).  

𝜂𝑐𝑎𝑣 =
𝑄𝑢𝑠𝑒𝑓𝑢𝑙

𝑄𝐶𝑆𝑃
. 

(1) 

 

Here, 𝑄𝑢𝑠𝑒𝑓𝑢𝑙 is the useful heat output from the solar cavity receiver and 𝑄𝐶𝑆𝑃 is 

the solar input from the heliostat field. The three components of heat losses from a 

solar cavity receiver are conduction through the internal to external walls of the 

receiver, then convection and radiation loss to the surrounding from the external 

wall of the receiver, together with the convection and radiation through the receiver 

aperture, with the latter comprising the re-radiation and reflection of the input 

concentrated solar radiation. Conduction through the internal walls to the outer 

surface, which then has heat losses via both convection and radiation to the 

surrounding, is much smaller than that through an aperture. This is because 

insulation is used between the internal walls of a cavity and the external surface of 

a receiver, which are shown in Figure 2.1. Hence, the dominant mechanisms of heat 

loss from a cavity solar receiver are convection and radiation through the aperture. 

Those solar receivers that are used in a tower system are expected to be subjected 

to higher wind speed than that near the ground (Garcia et al., 1998; Li et al., 2010; 

Peterson and Hennessey Jr, 1978). However, the significance between convection 

and radiation depends mainly on the operating and surrounding conditions. It is 
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expected that, for a solar receiver in high wind, convection becomes the dominant 

while radiation depends mainly on the temperature of the cavity wall (Falcone, 

1986; Mills, 1999; Stalin Maria Jebamalai, 2016). 

 

Figure 2.1: Schematic diagram of a generic cylindrical cavity solar receiver. 

 

2.1.1 Convective zone and stagnant zone for natural convection 

Due to the high temperature of the internal walls of a receiver, the density of the air 

inside a receiver or near a receiver’s internal walls is lower than that of the 

surrounding ambient air (Clausing, 1981). Natural convection is a type of heat 

transport that is generated only by density differences in the fluid occurring due to 

temperature gradients (Clausing, 1983; Holman, 1997). Therefore, for a no-wind 

condition, the temperature difference in a heated cavity is the driving force for the 
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circulation of the air inside a cavity receiver, which is the natural convective heat 

losses. The hot air may be trapped in the upper part of a cavity receiver depending 

on the geometry and the orientation of it. For these reasons, the volume within a 

receiver can be divided into two zones, called the convective and stagnant zones as 

shown in Figure 2.2 (Clausing, 1981, 1983; Wu et al., 2010). On the one hand, a 

convective zone is a region of air inside the cavity that has the central and counter-

rotating eddies due to the driving force of natural convection. On another hand, a 

stagnant zone is a region of air inside the cavity that is both stratified and relatively 

stagnant compared with the convective zone (Clausing, 1981, 1983). The boundary 

between two zones is approximately horizontal and is aligned with the highest point 

of the aperture. A shear layer is generated between the movement of the convective 

zone and the stationary fluid in the stagnant zone as shown in Figure 2.2. The 

concept of the effects of the two zones was confirmed by an analytical prediction 

and an experiment with a generic cubic cavity receiver (Clausing, 1983). The results 

from the analytical prediction and experiment have a maximum difference of 20% 

(Clausing, 1983). Consequently, natural convective heat loss from a generic cavity 

receiver can generally be explained with the concept of the stagnant and convective 

zones. Convective heat loss from a solar receiver can be reduced by limiting the 

ratio of the convective zone to the stagnant zone, which is defined as the ratio of 

the volume of the convective zone to the volume of the stagnant zone. Some typical 

parameters that affect this ratio, are discussed in the following sections. 
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2.1.2 Receiver tilt angle 

A receiver tilt angle φ or orientation is defined as the angle between the normal 

direction of the plane containing the aperture and the horizontal plane, shown in 

Figure 2.3. One of the ways to reduce the volume of the convective zone is to 

decrease the distance between the highest point of the aperture and the lowest point 

of a receiver 𝐿𝑎. This can be achieved by positioning the center of the aperture lower 

than that of the cavity, shown in Figure 2.4. Changing the tilt angle 𝜑 , results in 

changing  𝐿𝑎 . Therefore, the tilt angle influences the flow pattern through its 

influence on the size of convection zone inside the cavity, which in turn influences 

the convective heat loss from a receiver.  

 

 

Figure 2.2: Schematic diagram of the streamlines in a downward facing tilted cavity receiver 

for natural convection (Wu et al., 2010). 

If a receiver cavity is oriented downward (𝜑 = 90𝑜),  𝐿𝑎 = 0 so that stagnant zone 

almost fully occupies the receiver. This leads to the lowest natural convective heat 
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loss from a receiver (Taumoefolau and Lovegrove, 2002). For this orientation, the 

natural convective heat loss is negligible compared with other components of heat 

loss in most cases (Ma, 1993; Wu et al., 2010). The reason for this is that the hot 

air rises to the upper part of the cavity, which is farther away from the aperture, due 

to its lower density than the cool air near the aperture; hence the hot air is trapped 

in the cavity and forms a stable stratification. Two experimental studies were 

performed to assess the effect of tilt angle on the heat loss from a heat fluid heated 

cavity receiver (McDonald, 1995) and a heating element heated cavity receiver 

(Taumoefolau et al., 2004). They have a similar conclusion with each other about 

the effect of tilt angle on the heat losses from a heated cavity. For the case of a 

cavity receiver at 260 oC, decreasing its tilt angles from 90o to around -45o (tilting 

upward), the convective heat losses from the receiver increase (McDonald, 1995). 

This also agrees with Claus’s statement about the maximum 𝐿𝑎 (Clausing, 1983). 

The effects of tilt angle on the convective heat loss from the receiver, and the flow 

pattern inside a heated cavity for with wind conditions is still unclear. Therefore, 

the effects of tilt angle on forced convective heat loss from a solar receiver needs 

to be investigated.  

2.1.3 Aspect ratio, aperture ratio and aperture displacement ratio  

Aspect ratio 𝑅𝑎𝑠, aperture ratio 𝑅𝑎𝑝 and aperture displacement ratio 𝑅𝑑𝑖𝑠 are also 

important parameters for minimising convective heat loss from a solar cavity 

receiver and they are defined in equations (2) to (4) (Ávila-Marín, 2011; Kim et al., 

2009; Wu et al., 2010). The schematic representation of a solar cavity receiver with 

these parameters is shown in Figure 2.4. These parameters are important for 
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convective heat loss because they affect the ratio of the volume of the convective 

zone to the stagnant zone, hence the heat losses. If the aperture of the receiver is 

facing downward, increasing the aspect ratio of a cavity increases the ratio of the 

convective zone to stagnant zone. Therefore, for a set receiver diameter, increasing 

the length of the receiver also increases the volume of stagnant zone.  

 

Changing the aperture ratio changes the ratio of the volume of the convective zone 

to stagnant zone. Decreasing the aperture size does not only reduce the convective 

heat loss, it also reduces the re-radiative heat loss from a cavity receiver (Steinfeld 

and Schubnell, 1993; Wu et al., 2010; Wu et al., 2011). However, it also decreases 

the radiation power entering the receiver for a constant concentration ratio. 

Therefore, an optimum aperture ratio is a compromise between minimising the heat 

loss and maximising the solar input (Steinfeld and Schubnell, 1993). Lastly, the 

aperture displacement ratio 𝑅𝑑𝑖𝑠 has the effect on the ratio of the convective zone 

to stagnant zone. As the aperture displacement ratio is decreased, the volume of the 

convective zone decreases. 

 

𝑅𝑎𝑝 =
𝐷𝑟𝑒𝑐

𝐿𝑟𝑒𝑐
, 

(2) 

𝑅𝑎𝑠  =
𝐷𝑎𝑝

𝐷𝑟𝑒𝑐
, 

(3) 

𝑅𝑑𝑖𝑠 =
𝐿𝑎𝑝

𝐷𝑟𝑒𝑐
. 

(4) 
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An experimental study was undertaken on a cubical receiver for a few different 

cavity geometries to investigate the effect of aspect ratio, aperture ratio and aperture 

displacement ratio on the convective heat loss from the receiver (Kim et al., 2009). 

The natural and mixed convective heat losses from the receiver were obtained for 

various head-on wind speeds on different types of cavities. Four cavities types are 

investigated, comprising no cavity (external heater), open cavity, small centre 

cavity and small lower cavity. This study found that the convective heat loss from 

the receiver has a stronger relationship with the tilt angle, aperture ratio and wind 

speed than the aspect ratio and aperture displacement ratio. However, the 

correlation between tilt angle, aperture ratio and wind speed has not been well 

reported. In addition, the cavity was only heated at the rear part of it, hence their 

finding might not apply to a cavity, which has a hot side walls.  

 

A numerical study for a non-fully open cylindrical isotherm solar receiver was 

performed by Wu et al., (2011). This study showed that moving the position of the 

aperture upward increases the aperture displacement ratio. This can increase the 

natural convective heat loss for aperture displacement ratio increasing from 0 to 0.6 

and receiver tilt angle between 0o and 45o. Similarly, increasing the aperture size 

brings a stable increment of the natural convective heat loss (Wu et al., 2011). 

However, the effect of aperture size on the heat loss from a cavity receiver with 

wind conditions has not been reported.  
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Figure 2.3: Cubic cavity orientations and definitions of La, which is the distance between the 

highest point of the aperture a cavity to the lowest point of the cavity (Clausing, 1983). 

 

Figure 2.4: Schematic diagram of a solar cavity receiver. 

𝜑 
𝜑 

𝜑 𝜑 



CHAPTER 2 

30 

 

Another numerical study for the receivers with cross-section areas of 20m2 and 

400m2 was performed (Paitoonsurikarn and Lovegrove, 2002, 2006) and compared 

with experiments (McDonald, 1995; Taumoefolau et al., 2004). A correlation for 

the calculation of the natural convective heat loss from a receiver as a function of 

the aspect ratio and aperture ratio was also suggested. This correlation suggests that 

natural convective heat loss from a solar receiver is increased as the tilt angle, length 

and diameter of the receiver and the diameter of the aperture are increased. However 

the interaction between the effect of wind, aspect ratio and aperture ratio is not 

known. 

 

In summary, there are a large number of studies on the convective heat loss from a 

cavity receiver for the natural convective, hence the effects of these parameters on 

the convective heat loss from a cavity solar receiver for a no-wind condition are 

understood reasonably well. A summary of effects of the geometries of solar cavity 

receivers on natural convective heat loss is shown in Table 2.1. As tilt angle and 

aspect ratio are increased, the natural convective heat losses decrease. The natural 

convective heat loss from a cavity receiver is increased with its aperture ratio. It is 

important to note that, the reports above are only for a natural convective heat loss. 

However, a real solar cavity receiver is operated in a very high altitude location 

under a high wind condition, and the phenomenon of a forced convective from a 

solar cavity is not fully understood. Therefore, further investigation into the effect 

of wind on the heat losses from a solar receiver is needed. 
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2.1.4 Effect of wind on heat losses from a receiver 

Most of the receivers are operated in an outdoor environment, therefore the effects 

of wind on the receiver must be considered. The forced convective heat losses from 

a receiver are determined by the wind speed, wind direction, receiver geometries, 

and tilt angle of a receiver. The effects of wind on a receiver are complicated. Wind 

can increase or decrease the heat loss from a cavity depending on the wind speed 

and direction, and the effects of wind on a receiver were claimed to be explained 

by the following (Falcone, 1986): 

 If the wind flow crease the air flow direction to be the same as the direction 

of natural convection of a cavity receiver, the wind reinforces the flow 

pattern of natural convection and the combined free forced convective heat 

losses are larger than the pure natural convective heat loss. 

 If the wind flow prevents or is against the flow of natural convection of a 

cavity receiver, but the wind is not strong enough to determine or drive the 

air flow through the receiver cavity, then the combined free forced 

convective heat loss is less than the pure natural convection value. 

 If the wind is strong enough to drive the air flow through a cavity receiver, 

regardless of the flow of the natural convective heat loss, the mixed 

convective heat losses are greater than the pure natural convective heat loss 

due to a much higher mass transfer throughout the receiver than that with 

the no-wind case.  
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Table 2.1 table of the effects of geometries of solar cavity receivers on natural convective heat 

loss 

Variables 

Natural 

convective 

heat loss 

Tilt angle 𝜑 
 

 

Aperture ratio 𝑅𝑎𝑝 
𝐷𝑎𝑝

𝐷𝑟𝑒𝑐
 

 
 

Aspect ratio 𝑅𝑎𝑠 
𝐿𝑟𝑒𝑐

𝐷𝑟𝑒𝑐
 

 

 

Aperture displacement ratio 𝑅𝑑𝑖𝑠 
𝐿𝑎𝑝

𝐷𝑟𝑒𝑐
 

 
 

 

To assess the effect of wind on a solar receiver, the conditions for the above 

situations need to be investigated. To investigate the behaviour of a receiver under 

wind load, a wind tunnel experiment was performed on a semi-cylindrical shape 

solar receiver at about 280 °C (Ma, 1993). The purpose of this experiment was to 

investigate the heat losses from the receiver under the various condition of the side-

on wind speed (up to about 9 m/s), head-on wind speed (up to about 11 m/s) and 

receiver tilt angles. This investigation found that natural convective heat loss from 

a downward tilting solar receiver achieved its maximum value of about 2kW when 

the receiver aperture was faced horizontally. However, if the aperture was facing 

downward, the natural convective heat loss from the receiver was negligible, which 
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is in agreement with the findings of another experiment by Prakash et al. (2009). 

Moreover, the forced convective heat loss from the receiver was claimed to be 

higher when the wind was blowing parallel to the aperture (side on wind) than 

blowing directly into the receiver (head on wind) for the same wind speed. This 

study also suggested two forced convective heat transfer coefficients as a function 

of receiver tilt angle and side on or head on wind speed, for this particular semi-

cylindrical receiver and operational condition. However, this heat transfer 

coefficient does not apply to the generic cylindrical cavity receiver or the receiver 

which is operating in a high receiver temperature range. Therefore, there is a need 

for a systematic investigation of the different receiver temperatures, aperture sizes 

and receiver geometries to derive a better correlation for forced convective heat loss 

prediction, which considers all of those parameters. Another similar solar receiver 

experiment was performed for the side on and head on wind speed of 1m/s and 3 

m/s with a different geometry (Prakash et al., 2009). This experiment was 

performed with low receiver temperatures which are about 50, 60 and 75 °C and 

repeated with receiver tilt angle of 0°, 30°, 45°, 60° and 90o. This study has an 

alternative conclusion to Ma’s experiment (Ma, 1993). This study claimed that 

head-on wind had a higher convective heat loss than side on wind and the no-wind 

conditions. It also found that the no-wind convective heat loss was higher than the 

mix convective heat loss when the side on wind speed is between 1m/s and 3 m/s. 

This suggests the side on wind may prevent the hot air flow out from the receiver 

for low wind speed. Another experimental study was undertaken on a cubical 

receiver for a few different cavity geometries which are to cover the heater of the 

receiver (Kim, Yoon & Kang 2009). The heater is the only heat source of the 
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receiver with setpoint temperatures at 300, 400 and 500 °C. The purpose of this 

experiment was to assess the relationship between convective heat loss and aperture 

area, aperture position, the distance between aperture and heater, heater 

temperature, tilt angle and wind speed. This experiment claimed that forced 

convection is lower than natural convection in the lower tilt angle of 0o and 20o 

regardless of their tested wind speed. However, the effect of forced convection 

rapidly increases with wind speed for higher tilt angle. Moreover, it also found that 

the convective heat loss increases with increasing the heater temperature, receiver 

tilt angle, aperture area and wind speed. However, the convective heat loss is not 

strongly related to the distance between the aperture and the heater and the position 

of the aperture. Recalled that this experiment only focused on the head on wind 

direction, therefore its conclusions may not hold for the other wind directions. 

2.1.5 Empirical relationships of convection 

Empirical equation of convection heat transfer have been established for solar 

receivers. The Nusselt number is a dimensionless number used to estimate the 

convective heat loss from a receiver. A review of the Nusselt number correlations 

for a solar receiver was published by Wu et al. (2010). A new correlation obtained 

from experimental and numerical work was proposed by Paitoonsurikarn and 

Lovegrove (2006). This correlation was claimed to be simpler to be used and more 

reliable than most of the previous correlation in the most situation before 2006. This 

correlation is a function of the Nusselt number 𝑁𝑢𝐿, the Rayleigh number 𝑅𝑎𝐿, the 

Prandtl number 𝑃𝑟 , the internal diameter of a receiver, the internal depth of a 

receiver and the aperture diameter, are shown in equations (5) and (6).  
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𝑁𝑢𝐿 = 0.0196𝑅𝑎𝐿
0.41 Pr

0.13

.  

 

(5) 

Here, Pr is the Prandtl number and 𝐿𝑠 is define as follows: 

 

𝐿𝑠 = |∑ 𝑎𝑖 cos(𝜑 + 𝜓𝑖)𝑏𝑖𝐿𝑖

3

𝑖=1

|. 

 

(6) 

Here, 𝐿1 = 𝐷𝑐𝑎𝑣is the internal diameter, 𝐿2 = 𝐿𝑐𝑎𝑣 is the internal depth and 𝐿3 =

𝐷𝑎𝑝 is the aperture diameter of a receiver. 

Table 2.2 Constants in Equation (6) for the evaluation of the ensemble cavity length scale 𝑳𝒔 

𝑖 𝑎𝑖 𝑏𝑖 𝜓𝑖 

1 4.08 5.41 -0.11 

2 -1.17 7.17 -0.30 

3 0.07 1.99 -0.08 

 

Another empirical correlation, which is based on Taumoefolau’s experimental data 

from their model cavity receiver in 2002 and Xiao & Wu’s CFD result, was 

proposed in two stages (Wu et al., 2011; Xiao et al., 2012). In the first stage, only 

natural convective heat loss from a receiver was considered. A correlation using 

Nusselt number to estimate the natural convective heat loss from a receiver was 

proposed in 2011 by Wu, Xiao and Li, as is shown in equation (7).  
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𝑁𝑢𝑛 = 1.87845 × 10−3𝐺𝑟
1

3 (
𝑇𝑤

𝑇𝑎
)

0.7090
(1 + cos 𝜑)4.7802𝑅𝑎𝑠

1.9752𝑅𝑎𝑝
0.2749. 

(7) 

This correlation is a function the Grashof number Gr, receiver wall temperature 𝑇𝑤, 

ambient temperature  𝑇𝑎 , receiver tilt angle, dimensionless aperture size and 

dimensionless aperture position. At the second stage, wind effect was added to the 

model and a ratio of the with wind cases Nusselt number to the no-wind cases 

Nusselt number was suggested in 2012 by the same authors shown in equation (8). 

𝑁𝑢𝑡

𝑁𝑢𝑛
= 2.8205(2 + cos 𝜑)−5.8471(3 + sin 𝛼)−0.0008𝑅𝑒^0.6310.  

(8) 

Therefore, the combined convective heat loss can be estimated from the Reynolds 

number, the receiver inclination, the wind direction and the Nusselt number of the 

natural convective heat loss which was published in their previous article in 2011. 

This is the first correlation for combined convective heat loss from solar cavity 

receiver with that many variables. However, this numerical correlation has not been 

validated with another experiment; hence further experimental data is required to 

validate the reliability of the results. 

  

Conversely, the study on the effect of wind on the heat losses from a cavity receiver 

is still at an early stage. Hence there is a limited correlation for forced convective 

heat loss from a receiver. To the best of the authors knowledge, the correlation from 

Xiao et al. (2012) study is the only correlation that has considered the effect of wind 

on a generic solar receiver. Therefore, this is the only correlation which can be used 

in the analytical investigation of this project. However, it should be used with care 

and more study is need on the correlation for forced or combined convective heat 



CHAPTER 2 

37 

 

loss from solar cavity receiver. In addition, experimental data is required to validate 

the correlation equation. 

2.2 Experiment of convective heat losses from a heated cavity 

An experimental study was performed to understand the convective heat losses 

from the heated cavity by Ma (1993). A heat transfer fluid was used to heat the 

cavity receiver to a set point temperature shown in Figure 2.5. The total heat input 

𝑄𝑖𝑛𝑝𝑢𝑡 from the system was calculated from the temperature drop of the measured 

temperature between the inlet and outlet. The total heat loss 𝑄𝑙𝑜𝑠𝑠 from the cavity 

is defined in equation (9). This is because there is not useful heat in the experiment, 

hence the input heat to the system equal to the total loss from the system. 

The 𝑄𝑟𝑎𝑑,𝑎𝑝 is the radiative heat loss from the aperture of the cavity. 𝑄𝑐𝑜𝑛𝑣,𝑎𝑝 is the 

combined convective heat loss from the aperture. 𝑄𝑐𝑜𝑛𝑑,𝑤 is the loss through the 

insulation from the inside of the cavity to the outside of the receiver, then radiation 

and convective heat loss to the surrounding. 

𝑄𝑙𝑜𝑠𝑠 + 𝑄𝑢𝑠𝑒𝑓𝑢𝑙 = 𝑄𝑖𝑛𝑝𝑢𝑡, 𝑄𝑢𝑠𝑒𝑓𝑢𝑙 = 0, 
(9) 

𝑄𝑙𝑜𝑠𝑠 = 𝑄𝑟𝑎𝑑,𝑎𝑝 + 𝑄𝑐𝑜𝑛𝑣,𝑎𝑝 + 𝑄𝑐𝑜𝑛𝑑,𝑤𝑎𝑙𝑙, (10) 

𝑄𝑙𝑜𝑠𝑠,𝑛𝑜𝑛−𝑐𝑜𝑛𝑣 = 𝑄𝑟𝑎𝑑,𝑎𝑝 + 𝑄𝑐𝑜𝑛𝑑,𝑤 = 𝑄𝑙𝑜𝑠𝑠 − 𝑄𝑐𝑜𝑛𝑣,𝑎𝑝, 
(11) 

𝑄𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑣 = 𝑄𝑐𝑜𝑛𝑣,𝑎𝑝 = 𝑄𝑙𝑜𝑠𝑠 − 𝑄𝑙𝑜𝑠𝑠,𝑛𝑜𝑛−𝑐𝑜𝑛𝑣. 
(12) 

To assess the heat losses, the following steps were taken. The total heat loss 

𝑄𝑙𝑜𝑠𝑠 was determined using the required input power from the heat source at steady 

state. From the literature review, 𝑄𝑟𝑎𝑑,𝑎𝑝 and 𝑄𝑐𝑜𝑛𝑑,𝑐𝑎𝑣  are not very sensitive to 

receiver tilt angle and wind speed, and 𝑄𝑐𝑜𝑛𝑣,𝑎𝑝 is negligible if the aperture of the 

receiver is facing downward. Therefore, 𝑄𝑙𝑜𝑠𝑠,𝑛𝑜𝑛−𝑐𝑜𝑛𝑣 was determined by tilting 



CHAPTER 2 

38 

 

the receiver to face down and using equation (11), while 𝑄𝑐𝑜𝑛𝑣,𝑎𝑝 is negligible at 

that situation. After that, 𝑄𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑣 was determined using equation (12) for various 

tilt angles and wind conditions. This experimental method was suggested by Ma 

(1993) and similar methods are using to in the later experimental studies to assess 

the heat losses from a cavity receiver. In addition, thermocouples were used to 

measure the temperature of the cavity to ensure the cavity was maintained at the set 

temperature. They claimed that, for the same wind speed, the convective heat loss 

for the side-on wind is higher than the head on wind direction and suggested few 

correlation equations. The natural convective heat transfer coefficient for a cavity 

receiver is given in equation 13 (Ma, 1993). The forced convective heat transfer 

coefficient of a cavity receiver for the side-on and head on wind is given in equation 

14 and 15 (Ma, 1993). Then the combined convective heat loss from a cavity 

receiver can be estimated from equation (16). 

ℎ̅𝑛 =
𝑁𝑢̅̅ ̅̅ 𝐿 𝑘

𝐿
, 

𝑁𝑢̅̅ ̅̅
𝐿 = 0.088 𝐺𝑟𝐿

1

3  (
𝑇𝑐𝑎𝑣

𝑇𝑎
)

0.18

 (𝑐𝑜𝑠𝜃)2.47  (
𝐷𝑎𝑝

𝐷𝑐𝑎𝑣
)

𝑠

, 

Where s=1.12 − 0.982 (
𝐷𝑎𝑝

𝐷𝑐𝑎𝑣
), 

𝑇𝑐𝑎𝑣 =average temperature of the receiver 

𝑇𝑎 =average ambient temperature  

𝜃  =receiver tilt angle 

k   =thermal conductivity 

𝐷𝑐𝑎𝑣 =receiver internal diameter 

𝐷𝑎𝑝 =receiver aperture diameter 

(13) 
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ℎ̅𝑓,𝑠𝑖𝑑𝑒 𝑜𝑛 = 0.1967𝑉1.849, 
(14) 

ℎ̅𝑓,ℎ𝑒𝑎𝑑 𝑜𝑛 = (0.1634 + 0.7498 𝑠𝑖𝑛𝜃 + 0.5023 𝑠𝑖𝑛2𝜃 +

0.3278 𝑠𝑖𝑛3𝜃) 𝑉1.401, 
(15) 

𝑄𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑣 = 𝐴𝑐𝑎𝑣 × ℎ̅ × (𝑇𝑐𝑎𝑣 − 𝑇a). 
(16) 

 

Recently, a low temperature heated cavity receiver was tested in a cryogenic wind 

tunnel, to analyse the influence of wind on convective losses of a cavity receiver 

for solar power tower system (Flesch et al., 2015). A low-temperature cavity is 

placed in a cold wind tunnel to have a similar Reynolds number of a large-scale 

solar cavity receiver. An ambient temperature of -173 °C was used in this 

experiment to match 𝐺𝑟 and 𝑅𝑒 number of a solar cavity receiver with diameter = 

2.4m. Five electric heating circuits with one power controller were used to maintain 

the average internal temperature = 60.4°C. Tilt angle, wind speed and direction have 

been investigated in their study. They reported that, for some conditions, the 

minimum convective heat losses can occur at an intermediate wind speed, so that a 

low wind speed can reduce the losses to below the value of natural convection. This 

study also claimed that a side-on wind has a greater impact on the heat loss than a 

head-on wind case. Also worth noting, is that the effect of side-on wind is stronger 

than head-on wind only for the cases with tilt angle larger than 30°. Therefore the 

tilt angle is one of the parameters need to be considered when assessing the effect 
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of yaw angle. Another experimental study was performed to assess the effect of the 

tilt angle, wind speed and direction on the convective heat losses from a heated 

cavity (Wu et al., 2015). Two electric heating circuits (constant heat flux) were used 

to heat the cavity to the given temperature without a fine feedback power controller. 

They claimed that there is no simple rule can describe the influence of wind incident 

angle exactly. And the impact of wind incident angle can be weakened at the high 

wind speed. In addition, an experimental correlation for the prediction of the heat 

losses in term of the Nu number is provided. However, their study has a blockage 

ratio > 50%, hence this might reduce the accuracy of the results. It is because the 

air flow was affected from the large blockage ratio, as it introduces an artificial 

acceleration of the flow.  
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Figure 2.5: Schematic diagram of the tested cavity receiver in Ma’s experiment (Ma, 1993). 

2.3 Non-uniform temperature distribution 

Several experimental studies were performed to investigate the heat losses from a 

solar receiver (Kim, Yoon & Kang 2009; Ma 1993; Prakash, Kedare & Nayak 2009; 

Taumoefolau & Lovegrove 2002). The experimental studies were performed for a 

range of different conditions, such as wind speed, tilt angle and aperture ratio. 

However, their methodologies for the heating of the cavity are similar with each 

other’s. Their methodologies can be classified into two main categories of (a) 

conductive heating and (b) convective heating. Conductive heating is rising the 

temperature of a cavity receiver with heating element to a uniform internal 

temperature and convective heating is based on using a HTF to heat the cavity with 

a given HTF temperature. However, a solar receiver heated by concentrated solar 

radiation produced by the heliostats is exposed to a non-uniform radiative heat flux. 

This non-uniform heat flux together with the heat losses from the receiver lead to a 

non-uniform temperature distribution within the cavity of the receiver, which 

results in a complicated heat loss pattern from the receiver. Therefore, non-uniform 

temperature distribution over the internal walls is expected to have a critical effect 

on the heat loss from a solar receiver (Holman, 1997). Consequently, the effect of 

non-uniform heat flux distribution on heat loss from a solar cavity receiver needs 

to be investigated. 

2.4 Ray tracing  

Ray tracing techniques can be applied to cavities with non-uniform temperature 

distribution to determine the radiation loss from the receiver (Hogan et al., 1990). 



CHAPTER 2 

42 

 

Monte Carlo ray-tracing technique is one of the methods to estimate the re-radiative 

heat loss from a solar receiver (Siegel, 2001). Two rays tracing optical analysis’ 

using Monte Carlo technique has been performed for a parabolic trough collector 

(Bader, 2011) and a parabolic dish cavity receiver (Steinfeld and Schubnell, 1993). 

However, both of the studies estimate the heat flux at the focus plane of a receiver, 

so only the temperature distribution at the focus plane was predicted. Thermal Finite 

element model with optical ray tracing was also use to assess the thermal efficiency 

of the solar cavity receivers (Uhlig et al., 2014). However, the convective heat 

losses from the solar cavity receivers were only estimated using some Nusselt 

number correlation, which have not been validated in the study. As the convective 

losses play an important role in the efficiency of a solar cavity receiver. The 

convective heat losses were evaluates using another CFD models in the same study. 

Therefore the effect of mixed convective heat losses on the temperature distribution 

has not been assess within the same thermal finite element model for the optical 

system. To the best knowledge of the author, a detailed ray tracing model for the 

entire solar tower central receiver system considering mixed convective heat loss 

when determining the temperature distribution over the internal walls within a same 

simulation has not been reported yet. 

2.5 Aperture features 

2.5.1 Flow control aperture 

Active flow control system is one of the possible methods to reduce the convective 

heat loss from a cavity receiver. This type of system measures the surrounding 

conditions with a feedback control system to reduce the surrounding air flow into 
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the cavity, as well as keeping the hot air inside the cavity. A numerical study was 

performed to examine the use of an air curtain as a method of reducing the 

convective heat loss from a hot cavity (McIntosh et al., 2014). In this study, a two-

dimensional model was conducted and the results show a reduction of about 34% 

of the heat loss from the cavity when air curtain directed across the aperture was 

used (McIntosh et al., 2014). However, the results have not been validated with a 

heated cavity experimentally. Therefore, further works are required to 

experimentally validate the result of the use of air curtain as well as develop a three-

dimensional numerical model. 

2.5.2 Windowed aperture 

Alternatively, window cover is another possible way to reduce convective heat loss 

from a cavity receiver, however, to allow the solar power pass through and get into 

a receiver, a transparent or partially transparent cover is required. Therefore, a glass 

cover is used in some of the solar energy conversion systems (Deubener et al., 2009; 

Mande and Miller, 2011; RÃķger et al., 2006). One of the applications of glass 

cover in CSP system is that glass covers are required to hold the gas within a 

pressurised high-temperature volumetric close system receiver shown in Figure 2.6. 

At the same time, the glass cover also reduces the heat loss from the high-

temperature receiver to keep the operating temperature above 800 °C (Gardon, 

1961; Helsch et al., 2010; RÃķger et al., 2006; Rubin, 1982).  
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Figure 2.6: Schematic diagram of a pressurised volumetric receiver (REFOS type) (RÃķger et 

al., 2006). 

Similarly, some special receivers called chemical reactors which are the others type 

of CSP system that required a glass cover to be operated. The cover separates the 

reactants within a receiver to the surrounding but only allow solar power to enter a 

receiver to provide power for the reaction (Deubener et al., 2009).  

 

A glass cover is not generally used in tubular cavity receivers, because it does not 

require a window cover to be operational. However, a receiver with a window 

expected to have the lower radiative and convective heat losses than the one without 

the window (Mande and Miller, 2011; RÃķger et al., 2006; Rubin, 1982; Uhlig et 

al., 2014). Alternatively, the window blocks and reflects some of the solar power 

which leads to a high power wastage. This issue is addressed by the coating on the 

silica glass cover to increase its transmittance shown in Figure 2.7 (Helsch et al., 

2010). Therefore, the study should still be continued to further increase its 

transmittance. Moreover the glass increase the capital, operating and maintenance 

cost of the plant, therefore, it is also a factor should be considered for the use of a 
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window on a tubular cavity receiver for CSP plant. Another assessment shows that, 

there is a reduction of electricity cost by using a window with 99% transmissivity 

3% reflection losses (Uhlig et al., 2014). Therefore, future work may study further 

in this concept and also be focused the transmissivity, reflectivity and lifespan of 

the glass. However, the windowed cavities are not the focus of the present thesis.  

 

 

Figure 2.7: Transmittance spectra of porous silica coatings on silica glass for different heat 

treatments in comparison to the uncoated silica glass (Helsch et al., 2010). 

 

2.6 Beam down solar system 

A “beam down” optics or “solar tower reflector” system is a variation of central 

receiver plants with a secondary reflector on top of the central tower to redirect the 

concentrated solar beam from the heliostats again down toward a solar cavity 
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receiver near ground level (Mokhtar, 2011; Segal and Epstein, 2008). The solar 

cavity receiver faces upward, hence a large receiver could be installed stably 

(Hasuike et al., 2006). Another advantage is that the effect of wind on this system 

could be less compared with a receiver located at the top of a high tower. The type 

of “beam down” system required new optical systems and knowledge of the 

receiver’s geometries. Therefore, there are many studies on these topics (Leonardi, 

2012; Li et al., 2015; Mokhtar et al., 2014; Wei et al., 2013). However, the 

understanding of convective heat loss from a “beam down” solar cavity receiver is 

limited. The effect of wind on this type of system is not well known. In addition, 

the difference in heat losses between “beam up” and “beam down” is also needed 

to be investigated. 
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2.7 Economic assessment 

The levelised cost of electricity (LCOE) is defined as the ratio of the cost of 

electricity generating from different energy sources or methods, and the energy it 

generates in the lifetime of the plant. It is one of the ways to quantitatively compare 

technologies. The key inputs for the LCOE calculation are capital costs, operations 

and maintenance (O&M) costs, fuel costs, financing costs, lifetime of the plant, 

discount factor and energy output in every year when the plant is operational (Price, 

2003; Salvadore and Keppler, 2010). The LCOE from solar thermal technology was 

about 150 to 210USD/MWh in United stated in 2010 (Kolb et al., 2011; Salvadore 

and Keppler, 2010), which is much higher than the cost of power from fossil fuel, 

which is about 30 to 60 USD/MWh (Nathan et al., 2014; Salvadore and Keppler, 

2010). Therefore, power from CSP technology needs to be reduced to be more 

comparable in cost. 

 

A recent study showed that CSP technology can achieve a cost of electricity about 

60USD/MWh eventually by improving the technology (Price 2003), which is 

similar with the cost of power from fossil fuel. Another study shows that the solar 

receiver contributes to about 11% to the LCOE for a central receiver plant (Kolb et 

al., 2011). This study also suggests that increasing the efficiency of the receiver is 

the most effective way to reduce the LCOE. The efficiency of the receiver can be 

increased by 13% with the receiver temperature rise from 600 to 700 °C. However, 

the additional heat loss from the receiver due to the incensement of temperature has 

not been mentioned in this study.  
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If the solar to thermal power efficiency is increased, the capacity of the plant is also 

increased. Therefore, it also increases the overall energy output from the plant, 

hence the reduction of LCOE is not limited to the 11% cost contribution from the 

solar receiver. The valuations of different receiver structure and feature are 

compared using LCOE. Therefore, a good understanding of the LCOE model is 

required and the factors which have the major effect on LCOE was identified. The 

model used in this project to investigate the effect of the efficiency of a receiver on 

the LCOE is defined as below (Salvadore and Keppler, 2010): 

 

𝐿𝐶𝑂𝐸 =
∑

𝐶𝑡+𝑀𝑡
(1+𝑟)𝑡𝑡

∑
𝐸𝑡

(1+𝑟)𝑡𝑡

. 

  

(17) 

 For the purpose of this project, only capital and operating and maintenance cost 

were considered. In addition, the energy output from the system is a function of the 

receiver efficiency. Therefore, it is important to assess and improve the receiver 

efficiency to compare the LCOE of the different receiver. 

 

In conclusion, even though a cavity receiver has been used in the solar tower 

systems, further investigation is required to reduce the heat losses from the system, 

hence to increase efficiency and reduce LCOE. In addition, although the aperture 

features, such as active flow control aperture and windowed aperture, have been 

introduced to reduce the heat losses from a solar receiver system, the understanding 

for the mechanisms, which affect the convective heat losses is not enough. This 
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understanding is required for the engineers to design an active flow control aperture 

or windowed aperture for a heat losses reduction. Therefore, there is a need for 

further analysis to better understand the effect of the cavity’s geometry, wind 

condition and temperature distribution over the internal walls on the heat losses 

from a solar cavity receiver and to develop the knowledge required to enable 

engineers to more accurately predict the heat losses from alternative configurations 

of solar cavity receiver and, hence, to reliably optimise their receiver designs. 
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Numerical and experimental methods were used to achieve the objectives shown in 

section 1.6.2. A numerical method was used to achieve objective I (see Section 

1.6.2). It was the first assessment of this thesis to identify which aspect ratio of a 

cavity receiver to perform the in the experimental part of this thesis as well as 

providing some understanding of the flow-field inside a cavity receiver. Then wind 

tunnel experiments were performed to achieve objectives II to V (see Section 1.6.2) 

which mostly quantify the effects of the different geometrical configurations and 

operating conditions on the heat losses from the cavity. 

 

3.1 Numerical model 

Computational Fluid Dynamics (CFD) models were used to assess the effects of 

wind speed and aspect ratio on the heat losses from a heated cavity with uniform 

temperature. The aspect ratio was investigated in this study, because it was 

previously identified as one of the key configurations parameters that affect heat 

losses from a cavity receiver. Also, the aspect ratio is more difficult to be studied 

experimentally as it requires to change in the geometry of the main body of the 

cavity receiver which can be costly and technically difficult. In addition, the flow-

field information inside a cavity is also very difficult to measure experimentally, 

without disturbing the flow field and affecting the fidelity of the measurements. As 

a result, CFD modelling was performed first to help achieve objective I, and then 

to identify the aspect ratio which would be used in the experiments. 
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The commercial software ANSYS Fluent Release 17.0 was employed for the 3D 

numerical simulations of the combined natural and forced convective heat loss from 

the solar cavity receiver (Fluent, 2018). The cavity was place at the middle of a 

computational domain. The extent of the domain around the solar receiver was 

chosen to be 20 times larger than the diameter of the cavity in both the radial and 

axial direction, a size that has been found to be sufficient to approach the 

unconfined atmosphere. A grid independence study was performed on five different 

meshes of ~0.1,0.2,0.5,1,2 𝑎𝑛𝑑 3 × 106  elements (combination of hexahedral and 

tetrahedral elements). The grid convergence index (GCI) was below 1% for the 

selected mesh; The model was deemed to have converged when the total heat loss 

from all the walls of the cavity exhibited less than a 0.1% variation over the previous 

50 iterations. The realizable 𝑘 − 𝜀 turbulence with standard wall function model 

was used to simulate the heat transfer and flow field following from a previous 

study (Xiao et al., 2012). The formulation for the turbulent viscosity and the wall 

functions are reported elsewhere (Fluent, 2016, 2018; Shih et al., 1995). Mesh 

independence study was also performed and approximately 2 × 106 elements is 

sufficient. More details of the CFD model can be found in CHAPTER 4. 

 

A fully open cylindrical cavity receiver was chosen for the present CFD study, to 

match the available experimental data of the heat losses from a cylindrical cavity 

receiver at that time (Taumoefolau and Lovegrove, 2002; Taumoefolau et al., 

2004). These data were used to validate the prediction of the heat losses from the 

calculations of the CFD model. Since the effect of the cavity’s aspect ratio on its 

convective heat loss was the focus of this study, only one tilt angle (15°) and wind 
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direction (head-on) was employed, as they have been numerically studied 

previously (Flesch et al., 2014; Wu et al., 2011; Xiao et al., 2012). The details of 

the methodology, validation and limitations for the CFD model can be found in 

CHAPTER 4. 

 

3.2 Experimental setup 

Three experimental campaigns were conducted in this project as explained here 

below. In the first experimental study, the influence of internal walls temperature 

and wind conditions on the heat losses through the aperture of cylindrical solar 

cavity receivers were assessed. This addresses objective II of this work. The second 

experimental campaign addresses objective III of this work by studying the 

influence of Reynolds number, wind direction, aperture ratio and tilt angle on heat 

losses from the cavity. And the third experimental campaign, which addressed 

objective IV and objective V was focussed on understanding the influence of 

Reynolds number and internal walls temperature distribution, of the solar cavity 

receiver, on the heat losses through the aperture, as well as the comparison of heat 

losses between a downward tilted heated cavity and an upward facing heated cavity. 

Only an overview of experimental will be presented in this section, the detail of 

each experimental setup is reported in each publication shown in Chapter 5, 6 and 

7. 

 

Figure 3.1a and Figure 3.2 presents an overview of the experimental arrangement 

used in the three studies of this thesis. An electrically heated cavity was placed 
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within the open section of the wind tunnel at University of Adelaide’s Thebarton 

laboratory. This provides well-controlled variation in wind speed with negligible 

blockage, which is low even without the open section. The projected area of the 

external dimensions of the cavity (~0.249 m2) is ~4.1% of the cross-sectional 

dimensions area of the wind tunnel (2.75 m × 2.19 m), which is also ~330 times 

larger than the cross-section area of the aperture (~0.018 m2). The key dimensions 

of the cavity with its reference case condition are shown in Figure 3.1b. The cavity 

has an inner diameter 𝐷𝑐𝑎𝑣 = 0.3m and inner length 𝐿𝑐𝑎𝑣 = 0.45m with an aspect 

ratio 𝑅𝑎𝑠 = 𝐿𝑐𝑎𝑣/𝐷𝑐𝑎𝑣 = 1.5 and aperture diameter  𝐷𝑎𝑝 =  0.15 . The internal 

walls of the cavity are made from copper, because of its high thermal conductivity 

and safe operating temperature.  

 

A systematic study of the influence on the heat losses was assessed for variations 

in wind speed 𝑉 =  0, 3, 4, 6  and  9 m/s, aperture ratio  𝑅𝑎𝑝 = 𝐷𝑎𝑝/𝐷𝑐𝑎𝑣  =

 0.33, 0.50, 0.75 and 1.00 , tilt angle  𝜑 =  −90°, 15°, 30°, 45° and 90° , yaw 

angle  𝛼 =  0°, 22.5°, 45°, 77.5° and 90°,  uniform temperature 𝑇𝑐𝑎𝑣 =

100, 200, 300 and 400 °𝐶 and various temperature distribution over the internal 

walls (“upper, lower, front and rear hotter cases”). A list of the experimental 

conditions are shown in Table 3.1. This leads to a total of 310 combinations of 

conditions. Of these 155 conditions correspond to the case with an open aperture to 

measure the convective and radiative heat losses, and the other 155 cases for the 

closed aperture to measure the heat loss through the walls. Total of 108 

combinations of wind speed, orientation and uniform wall temperature are 

presented in the journal publication shown in Chapter 5. Following by total of 90 
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combinations of wind speed, tilt angles and aperture ratios are presented in the 

journal publication shown in Chapter 6. Finally, total of 112 combinations of wind 

speed, tilt angle, yaw angle and temperature distribution over the internal walls are 

presented in the journal publication shown in Chapter 7. The details of the 

methodology and conditions used in each experimental study can be found in the 

methodology section of CHAPTER 5 to CHAPTER 7.  

 

A summary and discussion based on the finding across the few studies of this thesis 

can be found in CHAPTER 8. Although the CFD model used in this thesis has a 

different geometry from the experiments of this work, the current numerical model 

can be further developed based on the additional data from the experiment. The 

details of it are discussed in the future work section of CHAPTER 8. 

Table 3.1 List of experimental conditions 

Velocity  
(𝑽, m/s) 

Yaw angle  

(α°) 

Tilt 
angle 

(φ°) 

Temperature of the wall 
(𝑻𝒘, °𝑪) 

Aspect 
ratio 

(
𝑳𝒄𝒂𝒗

𝑫𝒄𝒂𝒗
) 

Aperture 
ratio 

(
𝑫𝒂𝒑

𝑫𝒄𝒂𝒗
) 

0,3,6,9 and 12 0,22.5, 45 77.5 and 90 

-90, 0, 
15, 30, 
45 and 

90 

100, 200, 300, 400 1.5 
0.00, 0.33, 
0.50, 0.75, 

1.00 
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Figure 3.1: Schematic diagram of a) the heated cavity in the Thebarton wind tunnel and b) the 

detail of the receiver. 
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Figure 3.2: Photo of the heated cavity in the open section of the wind tunnel. 
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The main objective of the research project, reported in this thesis, is to deepen the 

understanding of heat losses from a heated cavity. The outcomes of this research 

are needed in order to enable engineers to reliably optimise the design of cavity 

receivers and minimise heat losses for better efficiency. Experimental and 

numerical studies have helped to achieve the five main objectives of the project. 

The research output was published in four journal papers and the key outcomes 

from the works are highlighted below.  

 

8.1 Key outcomes from the numerical study 

The primary contribution of the numerical study is to better understand the effect 

of interaction between aspect ratio and wind speed on heat losses from a cavity 

receiver. The focus was to shed light on the temperature and air flow distribution 

of the air inside the cavity. It has been found that, for the scenario of uniform 

temperature of the internal cavity walls, a small increase in wind speed above 

ambient still air (speed of 0 m/s), reduces the combined convective heat loss below 

the value for natural convection losses (i.e. losses at wind speed of zero). The 

“critical” values of wind speed, above which heat loss is reduced below the case of 

natural convection, were found to increase with the aspect ratio.  

 

Furthermore, the higher the aspect ratio, the smaller is the effect of wind speed on 

the combined convective losses per unit of cavity internal area. This finding shows 

that, on the one hand, it can be advantageous to use a short cavity under low wind 

speed conditions while on the other hand, the overall thermal efficiency of a solar 
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cavity receiver increases with the cavity aspect ratio ( for a range of 3 and below). 

Therefore, there is an advantage to have a long cavity from the convective heat loss 

point of view, if a solar cavity receiver is placed in a windy location. Nonetheless, 

when choosing the aspect ratio of a cavity, one needs to take into consideration the 

aspect ratio of a cavity, one needs to take into consideration the balance between 

the optical power input and the heat losses from the cavity, as well as the cost of 

the receiver. 

 

The numerical study also provide information on airflow distribution of the air 

inside the cavity. It was found that a recirculating interior flow is generated inside 

the heated cavity for all aspect ratios, with the flow entering from the lower side 

and recirculating upward from the back of the cavity to leave from the upper side. 

However, the magnitude of velocity over the surface decreases with an increase in 

aspect ratio. This further explains why an increase in aspect ratio decreases the 

average convective heat transfer. 

 

8.2 Key outcomes from the experimental study 

The experimental study reported in this thesis, is the first systematic study, which 

assess the influence of multiple design configuration, and operating conditions on 

heat losses from a cavity receiver. Those parameters include; wind speed, yaw 

angle, tilt angle, cavity aperture ratio internal walls temperature and 4 combination 

of temperature distribution inside a cavity, with 16 well controlled temperature 

surfaces. The influence of head-on wind speed on the heat losses is found to be 
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much higher than the side-on wind. At high wind speed ( 1/𝑅𝑖 >  19 ), the 

convective heat losses from the head-on wind cases are about 4 times higher than 

the side-on wind one. Therefore, there is an advantage to locate the solar cavity 

receiver in a location which prevailing side-on wind most of the time.  

 

Using the experimental observations and data correlation equations for the heat 

losses from a cavity receiver were developed and tested. These equations, which 

use the Nusselt number as a function of the inverse of Richardson number, have 

been developed for a very wide range of the inverse of Richardson number and they 

are applicable for various operating conditions. The correlation equations are 

developed for 2 ranges of 1/𝑅𝑖  namely; 1/𝑅𝑖 < 10 , dominated by natural 

convection and  1/𝑅𝑖 > 10 , dominated by forced convection. The correlation 

equations cover a large range of conditions (up to 200 of the inverse of Richardson 

number), giving 𝑅2 = 0.824 for 1/𝑅 < 10 cases and 𝑅2 = 0.986 for 1/𝑅 > 10. 

 

Introducing a lip at the aperture plane, by decreasing the aperture ratio 𝐷𝑎𝑝/𝐷𝑐𝑎𝑣, 

acts to inhibit the natural convective losses from a cavity receiver (at zero wind 

speed) by up of to a factor of 5, but increases the forced convective losses by a 

factor, by up to 30%. More specifically, for tilt angle = 15° and 1/𝑅𝑖 < 4. 8 (𝑉 < 3 

m/s), the convective heat losses increase with aperture ratio, although this behaviour 

reverses for 1/𝑅𝑖 > 19 (𝑉 > 6 m/s). For 1/𝑅𝑖 < 4.8 (𝑉 < 3 m/s) the total heat loss 

can vary by up to about 75% by increasing the aperture ratio from 0.33 to 0.75.  
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For tilt angle = 15° condition, about 60% of the total heat is lost from the lower 

section of the heated cavity. Furthermore, approximately 43% of the heat is lost 

from the lower front section of the heated cavity for aperture ratio = 0.33 and 0.5, 

while this drops to approximately 36 % for the aperture ratio = 0.75 case. This 

difference is attributed to the decreased size of the stagnant zone at the rear of the 

cavity.  

 

Similarly, the increased uniformity in heat losses with an increase in wind speed is 

attributed to a decreased significance of the stagnant zone. In addition, although the 

aperture ratio does influence the convective heat loss, its influence is less than 15% 

over the range 0.33 < 𝐷𝑎𝑝/𝐷𝑐𝑎𝑣 < 1 for a tilt angle of 30°and wind speed above 3 

m/s (1/𝑅𝑖 > 4.8).  

 

The effect of tilt angle on the overall total heat loss from the cavity for various wind 

speed was found to be relatively small. It was also found that there is a slight 

advantage with respect to heat loss in keeping the tilt angle of a solar cavity below 

30°. 

 

The effect of varying the internal walls’ temperature were tested to simulate 

different ‘hot spots’ in a solar cavity receiver. It was found that for a downward 

tilted solar cavity receiver, an “upper or rear surface hotter” cavity has less overall 

heat losses when compared with other cases. For “upward facing heated cavity”, 

the rear wall hotter cases have lower heat losses than the front hotter cases, which 

is as expected. It was found that the upward facing cavity has the lowest heat loss 
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for all wind condition. For high wind speeds, the heat loss from the upward facing 

cases is approximately 3 times less than the downward tilted cases for head-on wind 

condition, and similar heat losses with the side-on wind conditions. 

 

The distribution of heat loss from the different parts of the cavity receiver was also 

quantified for the different operating conditions considered in this study. 

Approximately 88 % of heat is lost from the lower part of the heated cavity for the 

case of the no-wind (𝑉 = 0𝑚/𝑠), consistent with the well-known dominance of 

buoyancy and natural convection. As wind speed is increased to 1/𝑅𝑖 <  8.53 

( 𝑉 < 4 𝑚/𝑠 ), the fractional heat loss from the lower surface decreases from 

approximately 88% to 65 % and the heat transfer is classified in the mixed regime, 

with buoyancy and inertia both important. Inertia dominates for 1/𝑅𝑖 >  43 ( 𝑉 >

9 𝑚/𝑠) so that convective heat losses are distributed uniformly throughout the 

cavity. The heat loss distribution from the different parts of the cavity should be 

very useful for the development of further models.  

 

8.3 Future Work 

Further numerical studies will be needed in order to test the computational CFD 

models ability to predict the flow and temperature distribution under the conditions 

investigated in this project. In particular, the new study will be needed to resolve 

the issue of critical wind speeds under different cavity orientation at which heat 

losses are reduced below the natural convection value. The “critical” wind speeds, 

above which the heat loss is reduced below the case of natural convection, was 
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found for the head-on wind direction. However, the side-on wind was not assessed 

using CFD. In contrast, the experimental results revealed that a “critical” wind 

speed was found only for the side-on wind direction. One possible reason for this 

apparent discrepancy is the difference in their geometries, and may stipulate that 

this “critical wind speed is possible at a very low wind speed. Furthermore, the 

experimental study suggested that, the “critical wind speed for the head-on case 

should occur at low wind speed (𝑅𝑖~1.25). However, this wind speed is out of the 

testable range of the wind tunnel. It is also worthy of further assess the heat loss 

from a cavity receiver in this range of low wind speed condition. Moreover, the 

predicted temperature distribution inside the heated cavity, from the CFD model for 

various wind speed, agrees reasonably well with the measured heat loss distribution 

over different wall surfaces of the heated cavity in the experiment. Although flow-

field information is not yet available, the present measurements of heat loss 

distribution over different wall surfaces of the heated cavity, for a series of 

conditions, can also be used to provide additional data for the validation of further 

modelling efforts.  

 

Further study is also warranted in developing an approach method to reduce the 

impact of head-on wind as well as redirecting the air to flow parallel to the aperture, 

as the impact of head-on wind could be up to 4 times higher than the side-on wind 

on heat losses. For downward tilted solar cavity, there is a slight advantage with 

respect to heat loss in keeping the tilt angle of a solar cavity between 15° and 30°, 

hence future study could look into the effect of other parameters within this range 

of tilt angles. Further investigations of the “beam-down” orientation is also worth 
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pursuing. This is because the convective heat losses are about 4 times less than the 

tower system with head-on wind. Much lower wind speed is also expected from a 

“beam-down” solar receiver, as it is closer to the ground level. In addition, Further 

research into matching the solar receiver with the heliostat field to concentrate most 

of the radiation into the upper rear parts of the cavity will help reduce heat losses 

from the system, and subsequently increase the efficiency of the concentrated solar 

receiver. Nevertheless, the experimental results from the studies of this thesis 

should be further investigate to provide a new correlation for mixed convective heat 

loss with the parameters, which were assessed in this thesis. Lastly, LCOE should 

also be assessed for the assessed parameters. Potentially the new correlation for 

mixed convective heat loss can be used for the LCOE assessment.   
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