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Thesis Summary  
 

Convective heat losses from solar cavity receivers are highly non-linear and account for about 

60% of total heat losses from cavity receivers. Considering the growing role of cavity receivers 

in concentrating solar thermal plants with a tower, minimising convective losses from these 

cavities enhances the thermal efficiency of the whole plant. In this project, the use of fluidic 

barriers to minimize convective losses for both conventional and hybrid combustion-solar 

receivers is assessed. Systematic experimental and numerical studies have been conducted to 

devise new feasible mitigation strategies while ensuring maximum solar collection efficiency. 

The first phase of experiments was performed on a purpose-built, electrically heated, cavity 

receiver, which was placed in a large wind tunnel to directly measure the convective heat losses 

under a variety of operating and wind conditions. The cavity was equipped with different 

aerodynamic barriers to control the flow across the aperture including air blowing, air suction 

and a combination of air blowing and air suction curtains at variable velocity, discharge angle 

and position. The influence of various tilt angles (𝜃 = 0°, 15°, 30° and 45°), wind speeds (uw = 

0, 3, 6 and 9 m/s) and wind directions (𝛼= 0° and 45°) were examined for two fixed internal 

temperatures of the cavity (Tcav = 300℃ and 400℃). The experimental results are presented as 

a function of dimensionless numbers such as Richardson number, Reynolds number and 

relative momentum fluxes of curtain flow to wind flow wherever possible to provide a suitable 

comparison base. The commercial CFD package, ANSYS, was also utilized to conduct a 

computational study to further understand the flow features. The model was validated using 

available experimental data and has helped to confirm and complement knowledge generated 

from equivalent experimental campaigns. The results showed that directing a blown air curtain 

outward, toward the wind direction, offers tangible advantages over flow parallel to the 

aperture plane. It is also found that higher air curtain velocity, up to an optimum value, results 

in a higher effectiveness of the air curtains. The assessment of the effect of the orientation of 

the air curtain on the effectiveness demonstrated that for buoyancy dominant flow an upward 

blowing air curtain has a better performance than a downward blowing air curtain with a 

maximum difference of 47%. It is also revealed that a suction nozzle, mounted at the bottom 

of the aperture, is more effective than a blowing nozzle mounted at the top of the aperture, for 

the title angle of 𝜃 = 45°, while the measured effectiveness was 76% and 43% for wind speeds 
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of 0 and 9 m/s, respectively. At a yaw angle of 45°, a remarkable difference in the effectiveness 

was reported for various suction nozzle configurations for a wind speed of 9 m/s, highlighting 

the need to activate different nozzles depending on wind direction. The combination of air 

blowing and air suction fluidic barrier was also assessed for a tilt angle of 45° and wind speeds 

of 0 and 9 m/s. It is found that this approach enhances the effectiveness by 5% over the suction 

only approach for wind speed of 9 m/s whereas at no wind condition it reduces the effectiveness 

compared with suction only approach.       

The second phase of the experimental study involved the use of a water tunnel and aimed at 

investigating the flow structure in a scaled down hybrid cavity receiver incorporating multiple 

internal jets, simulating fuel and air nozzles for a combustion-solar hybrid receiver. Particle 

Image Velocimetry, PIV, laser based technique was used to capture the instantaneous planar 

velocity field at multiple axial positions inside and outside the model.  The effects of jet 

configuration, aperture size and variation of external flow velocity and direction on the internal 

jet decay, recirculation pattern and water ingress and egress via the aperture were recorded. 

The results showed high dependency of the flow structure, within the cavity, on the internal jet 

configuration and minor dependence on the velocity and direction of the external flow. It is 

also found that the mass entrainment of external flow into the cavity is significant and is 

strongly dependant on the aspect ratio of the aperture to the cavity, yaw angle and external flow 

speed. These findings helped quantify the controlling parameters and inform future strategies 

to mitigate the ingress of external air into the hybridised cavity receiver.     

It is concluded that an adaptive air curtain system should be devised so that it could sense the 

wind direction and wind speed and activate one or more of the curtain nozzles, induce suction 

or blowing, and regulate the air speed to achieve the best performance. This work provided the 

foundation for utilisation of a dynamic aerodynamic active flow for real world application of 

solar cavity receivers to improve the thermal efficiency of concentrating solar tower plants.  
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1.1 Background 

Fossil fuels, as the world’s main source of energy, are formed in the Earth's crust from 

organic material over millions of years (Morales Pedraza, 2019). Fossil fuels are relatively 

inexpensive, readily available, easy to store and have high energy density (Sarkar, 2017). 

Hence, many technologies have been developed to utilize this energy source into a variety of 

sectors, commonly classified into; transport, power, industrial and domestic. Fossil fuels are 

projected to remain the primary source of global energy for the next few decades (EIA, 2019). 

On the other hand, fossil fuels’ known reserves are a finite resource and are projected to last 

for another 100 years (Shafiee and Topal, 2009). With anticipated growth in the population of 

the world and the industrialisation of the major economies such as China, India and some 

emerging Asian economies, it is anticipated that a 45% growth, in energy demand, will occur 

by 2040 (IEA, 2018). This additional demand on fossil fuels and the depletion of the reserves 

is expected to be followed by a hike in the price of fuels (Caldara et al., 2019). 

The combustion of fossil fuels has resulted in the production of greenhouse gases which 

is linked to irreparable harm to the environment and has resulted in well documented climate 

change leading to more frequent and more severe droughts, floods and storms (Dorian et al., 

2006). In response, governments around the world have taken measures to prevent potential 

catastrophic changes in the Earth’s climate by committing to a reduction in greenhouse 

emissions and to the use of alternative sources of energy. One of the prominent agreements is 

the Kyoto Protocol, which is linked to the United Nations Framework Convention on Climate 

Change (UNFCCC), and which commits the parties to reduce Greenhouse Gas (GHG) 

emissions (Mitchell, 2003). A major milestone to tackle climate change happened during the 

Conference of the Parties 21 at Paris (COP-21) where 195 countries resolved to keep the rise 

of global mean temperature to below 2°C (IPCC, 2018).  

2



 
 

 

These commitments have motivated the search for promising alternative energy sources 

to address environmental commitments and security of supply concerns by many nations 

(Knox-Hayes et al., 2013, Adefarati and Bansal, 2019). Therefore, the necessary transition 

away from a harmful fossil fuel economy has been pursued. Electricity generation and thermal 

energy contribute to more than 40% of CO2 emissions (IEA, 2020). Therefore, the 

improvement of energy efficiency in different sectors, especially those sectors with major 

carbon emissions, and the development of alternative energy sources, such as nuclear energy 

and sustainable and clean source of renewable energy, are the main measures taken to minimise 

environmental impacts and to mitigate GHG emissions. 

Renewable energy resources are collected from natural sources that are constantly 

replenished. There are many renewable energy sources including solar, wind, biomass, 

geothermal and hydroelectric energy. However, there are barriers to the utilization of 

renewable energy sources related to the cost of production and storage, variability of supply, 

effective use and geographical location (Painuly, 2001, Shahnazi and Dehghan Shabani, 2020). 

Among the different renewable energy sources, wind and solar energy dominate the growth in 

renewable energy generation (EIA, 2019). Figure 1.1 illustrates the global power generation 

(in terawatt-hour) from low carbon sources in 2018 (IEA, 2018). 
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Figure 1.1- Global low-carbon power generation by source (IEA 2018).  

Solar energy, as one of the most abundant renewable energy sources, can be used in 

either diffuse form (Photovoltaic cells) or concentrated forms such as trough, Fresnel or tower 

configuration. Photovoltaic (PV) panels are widely used to convert diffuse solar radiation 

directly into electricity using a solar PV cell composed of semiconductor cell (Parida et al., 

2011). The Levelised Cost of Electricity, LCOE, using PV technology has fallen by 82% 

between 2010 and 2019. Such a sharp drop in the cost was driven by improving the conversion 

efficiency, reduction in manufacturing cost and the economy of scale (IRENA, 2020b). The 

global installed capacity of solar photovoltaic was about 580 GW in 2019 (IRENA, 2020a) and 

it is projected to grow robustly in the next five years due to cost competitiveness and support 

policies particularly in China, European Union, the United States, India and Japan (IEA, 2019).  

In contrast, concentrating solar thermal (CST) systems use reflectors to focus the solar 

radiation into a target or a receiver, where higher radiation flux is achieved resulting in higher 

temperatures (Pitz-Paal, 2014). The targets that receive the concentrated solar radiation are 

usually in the form of heat exchangers that absorb solar radiation and convert it into thermal 

energy by transferring heat to a heat transfer fluid, HTF (Kalogirou, 2018). CST is mainly used 

through four different types of technologies, namely; dish, through, tower and Fresnel types. 
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As shown schematically in Figure 1.2, these technologies are different in terms of the designs 

and configuration of the receivers and mirrors (Ordorica-Garcia et al., 2011). The required 

thermal load and outlet temperature determine the collector type (Milani, 2019). The 

commercial development of concentrating solar projects had a rise between 1984 and 1995 and 

then no commercial project was constructed until 2005. Nonetheless, research and technology 

demonstration have continued during this period which have helped in the further development 

projects were useful to expedite the implementation of further projects. So that between 2010 

and 2019, the cumulative CSP installed capacity rose five times globally and reached 6.3 GW 

while the weighted average LCOE dropped by 47%.     

 

 

The thermal energy generated by CST systems can be used to supply industrial heat, 

water desalination and steam generation to enhance oil recovery in mature and heavy oil fields 

or generate electricity, which is termed concentrated solar power (CSP) (Bellan et al., 2019). 

However, the intermittent nature of solar energy makes it necessary to develop approaches to 

provide a firm dispatchability of generated energy and to increase solar share. Thermal storage 

systems and hybridization are proposed as promising methods to enhance the application of 

solar energy technologies. Hybridisation of CST is applied when the solar radiation is not 

sufficient i.e. during the night or for cloudy weather. Hybrid solar systems can be deployed in 

Figure 1.2- Schematics of CST technologies (Ordorica-Garcia et al., 2011). 
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two forms; either stand-alone or integrated systems. Stand-alone systems utilize CST energy 

when available and another independent energy source, such as combustion, is used as a 

backup. In integrated CST, hybridised resources are integrated into solar energy and use shared 

infrastructure for energy convergence (Nathan et al., 2018).  

A solar tower plant consists of three major subsystems, namely, the heliostat field, the 

tower and the solar receiver. The heat transfer fluid is heated in the receiver by the reflected 

and concentrated solar radiation from the reflectors, with recorded temperatures of up to 

1000°C (He et al., 2019). The type of the receiver depends on the field size, working fluid, 

operating condition, materials and design preference. There are two main types of CST tower 

receivers, namely; cavity receivers and external receivers (Figure 1.3).  

 

 

For the low temperature application of CST, limited to below 600℃, external receivers 

are used (Figure 1.4). As radiation losses scale with the temperature to the power four, limiting 

the temperature rise can maintain the collection efficiency at an acceptable level. A second 

measure is to choose materials with low emissivity. The external receivers mounted on top of 

the tower are surrounded by the heliostat field. Although this configuration allows the 

collection of solar radiation from all directions, it does suffer from radiation and convection 

heat losses from all sides as well (Vant-Hull, 2012, Nathan et al., 2018).  

 

(a) (b) 

Figure 1.3- Schematics of (a) External and (b) cavity receivers (Ho and Iverson, 2014). 
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On the other hand, cavity receivers are known to operate at higher efficiency and be 

applicable for higher temperature applications (Ho and Iverson, 2014, Kim et al., 2015). Heat 

loss from cavity receivers is reduced because of the presence of the cavity walls and an aperture 

receiving the solar radiation to reduce re-radiation losses and less convective heat losses, 

compared with external receivers. Moreover, because they are generally faced downward, hot 

gases are less intended to leave the cavity through the aperture and hence the cavity receivers 

have the potential to maintain the high temperature within the cavity (Hinkley and Agrafiotis, 

2019). Figure 1.5 presents an aerial view of Solucar Complex, solar power towers located in 

Spain featuring cavity-type receivers.  Nonetheless, channelling radiation into a small aperture 

of the receiver limits the capacity of these systems and the size of the heliostat fields. 

Noteworthy is that solar receivers are a crucial component of a CST tower plant as they couple 

the heliostat field to the thermal storage and electricity generation systems and constitute about 

20% of the plant investment costs (Schöttl et al., 2020). Furthermore, the size of the heliostat 

field, which makes up some 40-50% of the total capital of the solar plant, is directly influenced 

by the solar-to-thermal efficiency of the receiver (Kolb et al., 2011). Therefore, considering the 

importance of the role of the cavity receivers in solar tower technology, it is essential to 

implement strategies to increase the thermal efficiency of solar receivers. 

Figure 1.4- External receiver mounted on Crescent Dunes, Nevada (US Department of energy, 2020)  

7



 
 

 

 

 

 

  

 

Maximizing the thermal efficiency of the solar system, necessitates the minimisation of 

heat losses from cavity receivers that consist of convection, conduction and radiation losses. 

Conductive and radiative losses are relatively easy to mitigate through insulation and cavity 

design, respectively. Convective losses are the most complex and the hardest losses from cavity 

receivers to predict. It is well established that, more than 60% of the losses of the cavity, at 

high wind speeds, are attributed to convective heat losses, and hence it is important to apply 

methods in order to minimise the convective heat losses (Ma, 1993). Different methods are 

proposed to mitigate convective heat losses from solar cavity receivers such as varying the 

geometry of the cavity, covering the aperture of the cavity with transparent material, 

application of an aerodynamic barrier, and partially covering the aperture (McIntosh et al., 

2014, Cui et al., 2013, Chang et al., 2015). The mitigation of convective losses from cavity 

receivers is the main interest to this thesis.  

In light of the brief introduction above, it is apparent that reducing the cost and the 

improvement of the thermal efficiency of CST systems are essential to enhance the penetration 

of solar energy into the energy supply resources. Considering the significant dependence of 

thermal efficiency of solar cavity receivers on the mitigation of the convective heat losses, it is 

desirable to reduce these losses. Hence, the motivation of this thesis is to investigate advanced 

aerodynamic control strategies for solar cavity receivers to minimise convective heat losses.  

Figure 1.5- Aerial view of Solucar Solar Platform in Spain by Abengoa, featuring tower mounted solar cavity 

receivers and heliostat field (Prieto et al., 2016).  
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1.2 Thesis structure 

This ‘Thesis by Publication’ is in line with rules and regulations of the University of 

Adelaide. It is organised into seven chapters, including this introduction chapter, a literature 

background chapter, four published papers and a summary and conclusion chapter. The details 

of which are provided here below.  

Chapter 1 provides a brief background containing an overview of Concentrated Solar 

Thermal technology and solar cavity receivers.  

Chapter 2 provides background literature on the flow features of cavity receivers 

including both convectional cavities and cavities with internal active flows. It also provides an 

overview of studies that investigate convective heat losses from solar cavity receivers as well 

as methods to mitigate losses from cavities. Also reviewed are studies on the application of the 

air curtain for practical systems and the current knowledge on the design parameters of air 

curtains. The final section of the chapter presents the primary scientific research gaps that have 

been addressed in the current project. 

Chapter 3 presents a published article in the ‘Solar Energy’ journal, titled 

“Experimental insights into the mechanism of heat losses from a cylindrical solar cavity 

receiver equipped with an air curtain”. This experimental work suggests that a blowing air 

curtain installed on a solar cavity receiver is most effective when the flow is directed at an 

inclination angle relative to the aperture plane of the cavity receivers. It also highlights the 

importance of operating conditions of the cavity receivers on the effectiveness of the air curtain 

and highlight the major difference with air curtain applications mounted at the entry to 

commercial buildings.  

Chapter 4 contains an article published in ‘Applied Thermal Engineering’ journal, titled 

“Impact of flow blowing and suction strategies on the establishment of an aerodynamic barrier 

9



 
 

 

for solar cavity receivers”. This combined numerical and experimental study compares the 

effectiveness of two aerodynamic approaches of blowing and suction air curtains to mitigate 

the convective heat losses from a cylindrical cavity receiver. The results from experimental 

cases were used for validation of the numerical simulation to provide insights on the 

mechanism of the operation of an air curtain. The results highlight the need to apply adaptable 

strategies, based on operating conditions of the cavity, in order to achieve higher thermal 

efficiency through the mitigation of convective heat losses.  

Chapter 5 contains an article submitted to ‘Solar Energy journal, titled “An adaptive 

aerodynamic approach to mitigate convective losses from solar cavity receivers”. The paper 

report results of experimental investigations at different tilt angles and the difficulties 

associated with high values of inverse Richardson number. It also shows that different 

strategies are needed for yaw/inclination angle of 45°. It highlights the need to deploy an 

adaptive aerodynamic strategy that can respond to the measured variation in the operating 

conditions.   

Chapter 6 contains a published article in ‘Experimental Thermal Fluids Science’ 

journal, titled “The coupling between the internal and external flows through a hybridized solar 

cavity receiver under isothermal conditions”. This study reports experimental insights into the 

flow structure within a hybridised model cavity receiver. The findings highlight the need to 

mitigate the ingress of external flow into the cavity through controlling the back pressure of 

the cavity or deployment of fluidic barriers.   

Finally, chapter 7 contains a summary of the key outcomes reported in this thesis and 

provides a list of major conclusions. Also, the chapter contains recommendations for future 

work.     
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Presented in this chapter are the background literature and current understanding of 

cavity receivers’ design, both conventional and those incorporating internal jets. Also presented 

is a review of relevant previous studies that investigated convective heat losses from solar 

cavity receivers and the proposed mitigation strategies. In particular, the review focuses on 

studies that investigated the application of an air curtain to mitigate convection losses from 

cavity receivers. Finally, the research gaps addressed in the current project are presented. 

2.1 Convective losses from solar cavity receivers   

The quest to improve the thermal efficiency of any energy system, to reduce energy 

cost and to improve profitability have motivated researchers and engineers alike. Such quest is 

more prominent in solar thermal systems due to the high cost associated with collecting and 

concentrating the solar radiation, especially in a tower system. The most effective approach to 

maximize thermal efficiency is to mitigate heat losses from a cavity receiver. The heat losses 

from the cavity comprise all forms of heat transfer namely; radiation, conduction and 

convection. The radiation and conduction losses are relatively easy to estimate and control, 

whereas the convective heat loss from cavity receivers is more complex. This complexity stems 

from the interdependency of the design and operating conditions, for example; the geometry of 

the cavity receiver, its aperture and internal temperature as well as environmental conditions 

(Siebers and Kraabel, 1984). The majority of previous experimental and analytical studies have 

focused on the convective heat losses from cavity receivers as a function of the geometrical 

design, the inclination angle of the cavity, internal temperature distribution, wind speed and 

wind direction (Lee et al., 2018, Lee et al., 2019b, Lee et al., 2019a, Clausing, 1983, Clausing, 

1981, Abbasi-Shavazi et al., 2020, Sinha and Gulhane, 2020, Clausing et al., 1987).  
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Clausing (1981) used experimental evidence to provide a correlation that estimates the 

convective losses from cavity receivers. This analytical and experimental study divided the 

interior volume of the cavity into two zones, as shown in Figure 2.1, namely; the stagnant zone 

and the convective zone. The stagnant zone is defined as the zone above the aperture of the 

cavity where hot air is stratified. In contrast, the convective zone is in the lower portion of the 

cavity where a large eddy occupies the zone due to the density gradient of external cold air and 

interior hot air. It was found that, for the particular geometry considered in this study and under 

normal working conditions, the wind had a minimal influence on convection losses and the 

orientation of the aperture had a critical influence on the buoyant flow and the height of the 

convective zone within the cavity. 

 

Figure 2.1- Schematics of convective and stagnant zones relevant to a cavity proposed by 

Clausing (1981). 

Prakash et al. (2009) investigated the convective losses of a scaled down downward-

facing cylindrical cavity receiver both experimentally and numerically. They have used 

dimensionless numbers relevant to convective heat losses from cavity receivers such as Nusselt 

number (Nu) and Grashof Number (Gr) to generalise their finding. They concluded that the 

convective losses for the cavity under windy conditions are generally higher than those at no 

wind conditions. The only exception was the side-on wind case, in which wind acted as a barrier 

at the aperture. It was also found that the head-on wind led to higher convective loss than the 
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side-on wind. It was also demonstrated that for no wind conditions, the analysis of convective 

heat losses at low temperatures is a reasonably accurate predictor of heat losses at high 

temperatures used in industrial applications up to 300℃. However, for windy conditions since 

the convective heat losses do not change linearly with speed, it is not feasible to extend the 

low-temperature analysis to high-temperature conditions. In a subsequent study, Prakash et al. 

(2010) showed that by increasing the receiver inclination, the convective losses from the 

aperture decrease.  

Flesch et al. (2014) used numerical methods to investigate convection heat losses from 

large solar cavity receivers with fixed cavity Grashof number of 𝐺𝑟 = 2.9 × 1010, and 

maximum wind tunnel Reynolds number of 𝑅𝑒 = 3.4 × 105. They concluded that the wind 

parallel to the aperture could inhibit the hot air’s egress from the cavity and therefore reduces 

convective heat losses. They also found that wind speed is a critical parameter in increasing 

heat losses from inclined cavities, in contrast to the horizontal cases with a tilt angle of 0°. 

Using a combined temperature and velocity plot, they explained the variation of the heat losses 

as a function of wind speed (Figure 2.2). The plot shows that the velocity vectors inside the 

cavity were much smaller than those outside the cavity due to the protective role of the cavity 

walls. They also reported that the interior part of the cavity can generally be divided into three 

zones known as; a) the top zone, where the temperature is equal to the wall temperature, b) the 

bottom zone, where the temperature is close to the ambient temperature, and c) the transitional 

zone between the top and bottom zones, where the temperature changed linearly from the wall 

temperature to the ambient temperature. The main difference of this work with the study by 

Clausing was the investigation of side on wind condition. Clausing model was developed for 

head-on wind conditions only. Their results revealed that by exposing the cavity to the wind, 

the upper zone shrank and the transition zone expanded. It was hypothesised that the reason 
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behind this is the disturbance of the thermal stratification by a slight increase of the velocity 

inside the cavity, induced by wind speed.  

 

Lee et al. (2017) used three-dimensional computational fluid dynamics (CFD) to 

provide insights into the impact of the cavity aspect ratio on the convective heat losses. They 

assessed the cavity length to diameter ratio of 0.3 to 3 for head-on wind speeds of 2, 4, 7 and 

10 m/s. It was found that convective heat losses increase non-linearly with an aspect ratio (AR). 

The slope of the variation of natural convective heat losses with AR showed a sharp growth of 

50% for the AR varying from 0.5 to 1.5 while it only increased 2.5% by variation of AR from 

2 to 3. It was also found that the effect of the wind on convective heat losses is more profound 

for lower AR.  

The effects of inhomogeneity of the cavity wall temperatures on the natural convective 

heat losses were investigated by Abbasi-Shavazi et al. (2020), in a combined analytical and 

experimental study. The non-uniform temperature distribution of the cavity walls reproduces 

more realistic operating conditions of the real-world application of the cavity receivers caused 

by the uneven incoming solar radiation caused by the optical arrangements and throughout the 

day. They found that as temperature non-uniformity of the wall increases it leads to a decrease 

in the convective heat losses. They proposed a new correlation based on the Nusselt number 

using Grashof number, characteristic length, aspect ratio and temperature non-uniformity that 

can be used for different geometries. In addition, they have assessed the reliability of the 

Figure 2.2- Calculated temperature contour and velocity vector plot on the central plane of a cavity receiver (Flesch et al., 

2014). 
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developed correlations of convective heat losses in the literature and found that the Clausing 

correlation (Clausing et al., 1987) predicts the convective heat losses with reasonable accuracy. 

However, the proposed correlation in this study is more related to the practical application of 

cavity receivers for a wider range of operating conditions and geometry.   

In a systematic experimental campaign, Lee et al. (2018, 2019 a,b) used a scale down 

model of cylindrical heated cavity (ID = 0.3m, L = 0.45m) in a large scale wind tunnel to 

investigate the convective heat losses. The internal surfaces of the cavity comprised 16 

individually controlled heaters; on the top, bottom and back plate. This arrangement made it 

possible to measure the losses from different sections of the cavity and allowed the 

reproduction of uniform or distributed wall temperatures. They defined the Richardson number 

as the ratio of Grashof to the square of Reynolds number to accommodate the effect of scale, 

wind speed and temperature difference on the relative roles of the buoyancy and inertia forces. 

The investigated range of Richardson numbers covers the range of that for practical application 

of solar receivers with higher temperatures and size. However, careful validation should be 

taken for a case that has different conditions. In general, their findings demonstrated the 

complexity of the dependence of convective heat losses on the various parameters such as wind 

speed, wind direction, the tilt angle of the cavity and internal surface temperature. They found 

that for head-on wind conditions, as expected, the convective heat losses increase with an 

increase in wind speed. The dependence of the Nusselt number on the inverse Richardson 

number of 0 to 200, has revealed two different correlation equations, for different ranges of 

inverse Richardson number. For the range of inverse Richardson number less than 10, where 

the convective heat losses occur due to both natural and mixed convection, the governing 

equation was exponential. For the inverse Richardson number larger than 10 cases, where the 

convective losses are dominated by forced convection the Nusselt number is a function of the 

square root of Ri.  
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Noteworthy is that in the study by Lee et al. (2018, 2019 a,b) and for side-on wind 

conditions, the variation of the convective heat losses with wind speed was different from the 

head-on wind condition. The main discrepancy was observed at a cross wind speed of 3 m/s 

where the convective heat losses were less than no wind condition. This implies that low side-

on wind flow can act as an aerodynamic barrier across the aperture. They also provided 

evidence to show that increasing the wind speed for a variety of aperture ratios, defined as the 

ratio of the aperture to the cavity inner diameter (Dap/Dcav), resulted in an increase in convective 

heat losses. The results also showed different trends of the growth of the relative convective 

heat losses (defined as the convective heat losses for a given wind speed relative to that for an 

equivalent case at no wind condition) as a function of wind speed for different aperture ratios. 

So that the relative heat losses at a wind speed of 9 m/s for an aperture ratio of 0.33 were 7 

times larger than that for aperture ratio of 1.0. The variation of cavity temperature at various 

tilt angles showed that for all cavity inclination angles, increasing the uniform temperature of 

the cavity increases the heat losses nonlinearly. It was also found that a beam up cavity had the 

lowest heat losses through the aperture compared with two cases of beam down and a tilt angle 

of 15°.  

In summary, the finding from literature survey on convective heat losses from solar 

cavity receivers indicated that the geometry and shape of the cavity (Clausing, 1981, Jilte et 

al., 2014, Lee et al., 2017), the inclination angle of the cavity (Clausing, 1981, Hu et al., 2017, 

Prakash et al., 2010), wind speed and direction (Prakash et al., 2009, Flesch et al., 2014, Lee et 

al., 2017) and the mean temperature of the cavity and distribution of the temperature (Montiel 

Gonzalez et al., 2012, Abbasi-Shavazi et al., 2020, Lee et al., 2019a) are the metrics that have 

strong effects on the convective heat losses. It is worth noting that these studies focused on 

developing correlations among the parameters that influence convective heat losses and 

estimated losses. While very useful, nevertheless these studies did not seek to investigate 
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methods to mitigate convective heat losses from cavity receivers. The following sections 

present a background review of the studies that have implemented measures to reduce 

convection losses from cavity receivers.    

2.2 Mitigating convective heat losses 

A multitude of approaches has been proposed to decrease convective heat losses from 

solar cavity receivers such as varying the geometrical properties of the cavity, recovering the 

heat, covering the aperture with a transparent material and using an air curtain as an 

aerodynamic barrier across the aperture (Uhlig et al., 2014). It is worth acknowledging that the 

geometrical properties of the cavity are limited by other components of the whole system, such 

as the heliostat field design and the optical arrangements (Pujol-Nadal et al., 2015). Therefore, 

for a fixed geometry and inclination angle of the cavity additional strategies are needed to 

mitigate the losses.  

The employment of a quartz window to cover the aperture of the cavity receivers has 

been proposed as a method to decrease the convective heat losses by permitting the solar 

radiation to pass through it while it covers the aperture and prevents any air exchange across 

the aperture and hence convective losses (Hertel et al., 2016). This approach is attributed to the 

transmission properties of the quartz window which is transparent to the visible solar radiation 

beams whereas is not transparent to the infrared wavelength of hot air within the cavity which 

minimizes radiation losses from the cavity (Sullivan and Kesseli, 2019). Chang et al. reported 

a 56% reduction in convective heat losses from a solar cavity receiver by the fitting of a quartz 

window (Chang et al., 2015). However, at elevated temperature applications, related to the 

practical operating conditions of solar cavity receivers, the mechanical strength of quartz 

window is significantly impacted by the surface defects. Also, environmental contaminants at 

high-temperature result in crystallization of the quarts window (Sullivan and Kesseli, 2019). 
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These drawbacks of a quartz window motivated further studies to find alternative solutions that 

do not involve the covering of the aperture with a transparent material in order to reduce 

convective heat losses.  

Partial coverage of aperture has been proposed as an alternative method to mitigate the 

a head on wind condition on a cavity with partial coverage of the aperture and a tilt angle of 

60°, the natural convective heat losses reduced up to 35%, whereas for a wind speed of 5 m/s 

the convective heat losses increased. For a horizontal cavity, it was demonstrated that the 

partial coverage of the aperture reduced the convective heat losses by 20% and 22% for wind 

speeds of 0 and 5 m/s, respectively. However, while the coverage of the aperture reduces the 

convective heat losses by restricting the interaction of the flows inside and outside the cavity, 

it suffers from the drawbacks associated with the solid coverage that causes the restriction of 

the fraction of the solar radiation beams from entering the cavity. Thus this method was not 

deemed highly practical especially that losses increased with the increase in wind speed.   

A promising strategy involved the use of an air curtain as an aerodynamic barrier for 

open cavities that are not sensitive to air leakage. It works by reducing the interaction between 

the fluids inside and outside the cavity while simultaneously permitting solar radiation into the 

cavity. “Aerodynamic sealing” has been extensively used in many practical applications such 

as industrial furnaces (Oliveira et al., 1991), open refrigerated display cabinet (Sun et al., 2017), 

buildings (ASHRAE 90.1; Goubran et al., 2016), refuge alternatives (Wang et al., 2017) and 

medical clean rooms (Knudsen et al., 2019) in order to reduce the movement of heat, moisture 

and mass from one space to another. Previous works on air curtain design, e.g. Oliveira et al. 

(1991), have shown that some of the parameters need to be taken into account when designing 

air curtains include; density gradient, momentum flux and the height of the nozzles to the 
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impinging surface. These parameters differ markedly from one application to another and 

hence different considerations need to be taken into account for each application.  

2.3 Aerodynamic barriers 

The principle of aerodynamic sealing is the generation of an air stream between two 

areas as a transparent wall to confine the target environment with specific conditions to control 

the heat, moisture, chemical properties, dust and mass ingress or egress (Xiao et al., 2020, 

Gonçalves et al., 2012). This concept has been widely used in the industry where the 

deployment of a solid wall is not desirable. For various applications in industry, such as 

industrial heat treatment that needs to prevent the mixing of the furnace gases and ambient 

atmosphere, contactless sealing is a promising alternative. Presented in Figure 2.3 is a 

schematic of the sealing device used in a furnace, with a divided slot nozzle, to prevent flow 

interactions between the chamber atmosphere and ambient (Oliveira et al., 1991).   

 

Figure 2.3- Schematic of the sealing device with divided nozzle (Oliveira et al., 1991).  

 

A very common usage of the air curtain is to eliminate or reduce the energy and mass 

transfer in a doorway between two contiguous rooms in a building (Goubran et al., 2016, Costa 

et al., 2006, Yang et al., 2019). Air curtains have been broadly used in buildings to reduce the 

energy loss caused by external air infiltration through the doors. Moreover, air curtains have 

the potential to intercept dust and insects from entering the conditioned space. The primary 

Sealing Gas  
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studies on air curtain date back to more than half a century ago and involved the use of 

mathematical models (Hayes, 1968, Hayes and Stoecker, 1969b, Hayes and Stoecker, 1969a). 

The developed analytical equations were used to characterize the jet flow and to quantify the 

heat transfer through the air curtain for building entrances. The correlations were developed 

based on the deflection modulus that was defined as the momentum flux of the curtain flow 

relative to the forces acting on either side of the air curtain. Worth mentioning is that this 

correlation included the transversal forces deduced by the density gradient on either side of the 

air curtain only while neglecting the wind deduced pressures within buildings.   

In recent studies by Siren et al. (Sirén, 2003b, Sirén, 2003a), the design criteria of air 

curtains have been developed. It was found that the jet-discharging angle is a major factor for 

the air curtain to generate an effective aerodynamic barrier. In addition, it was found that the 

opening (door) height and neutral pressure level affect thermal losses indirectly through the jet 

momentum flux. Costa et al. (Costa et al., 2006) assessed the effect of the jet discharge angle 

on the sealing effectiveness and found that the sealing effectiveness of an air curtain increased 

by about 70% at the jet orientation of 15°-20° outwards, compared with that of straight 

discharge orientation. The effect of the velocity of the air curtain on the effectiveness of an air 

In a numerical study, Verhaeghe et al. (2010) observed that the losses from the cold room were 

higher for low jet outlet velocities. As the curtain jet velocity increased to the minimum 

required, as per the equation developed by Hayes (Hayes and Stoecker, 1969a), the heat transfer 

value reached its minimum value as well. Further increases in the jet velocity resulted in a 

linear increase in heat transfer. In an experimental study, Foster et al. (2007) discovered the 

effectiveness of an air curtain in a cold storage room with internal dimensions of 

L × W × H = 4.8 m × 5.8 m × 3.8 m. They found that the maximum value of the air curtain 

effectiveness was obtained at a jet velocity of 18 m/s, while a further increase of the jet velocity 

26

curtain in refrigerator rooms was assessed by Verhaeghe et al. (2010) and Foster et al. (2007). 



 
 

 

caused the effectiveness to decrease. However, due to the significant differences between the 

geometry and operating condition of a solar cavity receiver relative to a building, the findings 

of the studies on the application of air curtain in buildings needed to be assessed to investigate 

if they are valid for solar cavity receivers.     

The primary equations used in the design of air curtain for building applications were 

developed by Hayes and Stoecker (1969 a,b) by using the deflection modulus method. The 

deflection modulus was defined as the ratio between the momentum flux of the air curtain at 

the outlet and the transversal forces acting on it. The transversal forces were induced by the 

𝐷𝑚 =
𝜌𝑎𝑐𝑏𝑎𝑐𝑢𝑎𝑐

2

𝑔𝐻(𝜌𝑐−𝜌ℎ)
    (1) 

𝑎𝑐 𝑎𝑐 𝑎𝑐

the velocity of air curtain flow, 𝑔 is the gravitational acceleration, 𝐻 is the height of the opening, 

𝜌𝑐 is the density of the air on the cold side and 𝜌ℎ is the density of the air on the hot side. 

The minimum value of Dm was estimated with an empirical constant based on the ratio 

of the width of the nozzle to the height of the opening (see Figure 2.4 for an example of these 

correlations). 

                                

Figure 2.4- Minimum deflection module required to maintain an unbroken curtain (Hayes and 

Stoecker, 1969b). 
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where 𝜌  is the density of the air flow of air curtain, 𝑏  is the width of the air curtain, 𝑢 is 



 
 

 

 Zhang et al. (2018) modified the deflection modulus method to correlate the effect of 

wind flow on the air curtain performance when designing a road tunnel. The study investigated 

the effect of an air curtain in a road tunnel to prevent the flue gases ingress from spreading into 

the tunnel in case of the fire at the entrance of the tunnel.  However, the “piston effect” created 

by the movement of the vehicles in a tunnel, which spreads the fire, was not negligible. Thus, 

Zhang et al. added wind pressure term (Equation 4) to the equation of the deflection modulus 

(Hayes and Stoecker, 1969b). The total pressure difference in both sides of the air curtain ∆𝑃𝑎𝑐 

includes the pressure gradient induced by buoyance forces, ∆P1, and the pressure gradient 

induced by the wind, ∆P2.  

∆𝑃𝑎𝑐 = ∆𝑃1 + ∆𝑃2          (2) 

∆𝑃1 = 𝑔𝐻(𝜌ℎ − 𝜌𝑐)     (3) 

∆𝑃2 = 0.5𝜌𝑤𝑢𝑤
2      (4) 

where g is the gravitational acceleration (m/s2), H is the height of the air curtain (the height of 

the opening), 𝜌ℎ, 𝜌𝑐 and 𝜌𝑤 are the density of the air from the hot side, cold side and wind 

flow, respectively and 𝑢𝑤 is the wind speed. Using the deflection modulus (Dm), they proposed 

a correlation (Equation 5) to calculate the momentum of the air curtain to form a stable 

aerodynamic barrier.  

(𝜌𝑎𝑐𝑏𝑎𝑐𝑢𝑎𝑐
2 )𝑚𝑖𝑛 = 𝐷𝑚,𝑚𝑖𝑛[(𝑔𝐻(𝜌𝑐 − 𝑝ℎ) + 0.5𝑝𝑤𝑢𝑤

2 ]𝐻      (5) 

where 𝜌𝑐  is the density of the air from the air curtain and b is the width of the air curtain outlet.   

The minimum value of Dm is estimated with the same empirical constant developed by Hayes 

and Stoecker (1969 a,b).  The minimum velocity of the air curtain can be obtained from 

Equation (6) and is defined as the velocity sufficient to generate a jet intensity in the entrance 

of the tunnel to resist the transversal interferences and block the fire.   

𝑢𝑎𝑐 𝑚𝑖𝑛 = √
𝐷𝑚,𝑚𝑖𝑛[𝑔𝐻(𝜌𝑐−𝜌ℎ)+0.5𝜌𝑤𝑢𝑤

2 ]𝐻

𝜌𝑎𝑐𝑏𝑎𝑐
   (6)  
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While these correlations are important for the applications they have been developed 

for, it is clear that there are substantial differences between the geometrical (shape, aperture, 

inclination, etc.) and operation aspects (inside temperature, density gradients, wind speeds, 

wind direction, etc.) of a tunnel and that of a solar cavity receiver. Therefore, characterising air 

curtain design to be employed for tower type solar cavity receivers needs to be examined. 

2.4  Air curtain application for solar cavity receivers  

The initial analytical studies on the application of the air curtain as an aerodynamic 

barrier to minimize convective heat losses from solar cavity receivers showed the economic 

and technical viability of this method (Taussig, 1984). The main goal of employing externally 

controlled air streams across the cavity aperture is to constrain air infiltration through the 

aperture. Thus, it inhibits the hot air inside from leaving the cavity and stops the cold outside 

air from entering the cavity (Ho et al. 2014, Zhang et al., 2015).  Noticeable is that the majority 

of early research into the use of an air curtain for solar receivers are limited to numerical and 

analytical methods due to the complexity of conducting such experiments at realistic conditions 

(Qaisrani et al., 2019, Fang et al., 2019, Yang et al., 2018).  

 One of the very few qualitative experimental studies to examine the effect of applying 

a fluidic curtain in the vicinity of the aperture were those of McIntosh et al. and Hughes et al. 

(McIntosh et al., 2014, Hughes et al., 2015). A transparent model cavity immersed in water 

was used to emulate an air curtain using water as a working fluid. Salinity water and freshwater 

with an equivalent density ratio of hot air within a cavity at 500 ℃ to the surrounding air were 

utilised. The planar jet of the ambient water was used to simulate an “air curtain” across the 

aperture. Qualitative investigations using visual observations (Figure 2.5) showed that by using 

an aero-window the stagnation zone inside the cavity expands and therefore, the simulated 

convective heat losses from the cavity decreases. Although these studies provided useful 
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perspectives into the application of a fluidic barrier across the aperture, they suffered from 

some serious limitations regarding the dynamic effects of inertia balance relative to the 

remarkable temperature differences in the flow.  

  

Figure 2.5- Qualitative demonstration of stagnation zone within a cavity for the cases (a) 

without an air curtain and (b) with an air curtain injecting fluid in the vicinity of the aperture. 

In the same study, Hughes et al. (2015) also conducted a numerical study that 

investigated the effect of the air curtain speed and inclination angle on the natural convective 

losses from an inclined cylindrical cavity. The findings showed that the air curtain has the 

potential to reduce convective heat losses. However, they found that in cases where the jet was 

“too strong” or misdirected, the losses are likely to increase. They asserted that a 50% reduction 

in natural convective heat losses is achievable by using an air curtain with a suitable inclination 

angle and jet velocity. They presented the plots showing the calculated temperature fields in 

the longitudinal center plane of the cylindrical cavity for the case without an air curtain, and 

for two cases with air curtain and different sealing modes, namely “partially-sealed” and “fully-

sealed”. The results provided new insights into the interaction of the air curtain flow and the 

hot air inside the cavity. They showed that in the “fully sealed” case, the air curtain builds a 

virtual wall across the aperture plane. The buoyancy force of the hot air was not large enough 

to cause the hot flow to entrain the air curtain. Hence, the stagnation zone inside the cavity 

expands. While in the “partially sealed” case the hot air escapes upward from the aperture and 

counteracts the momentum of the air curtain. This study presented useful information on the 

(a) (b) 

Curtain flow 
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effect of the curtain jet speed and direction, on the convective heat losses in solar cavity 

receivers. However, the investigation was limited to natural convection mitigation and the 

effects of external wind flow were not explored.  

In a computational study, Zhang et al. (2015a) investigated the influence of air curtain 

speed and discharge angle on the convective heat losses under various tilt angles of the cavity. 

Their data showed that an optimum jet speed should be found and applied for each operating 

condition including the jet discharge angle and inclination angle of the cavity to achieve the 

desired convective heat loss mitigation. The effectiveness was defined by using the convective 

heat losses of equivalent cases with an air curtain (𝑄𝑎𝑐) and without an air curtain (𝑄0) as the 

ratio of as the difference of  𝑄𝑜 and 𝑄𝑎𝑐 to 𝑄0. It was also found that when the jet speed was 

increased to a value more than the optimum value, referred to as “super stable”, the 

effectiveness decreased. The main heat losses in a “super stable” case were due to mixing of 

the turbulent jets at high speed with hot air inside the cavity. These studies provided important 

insights into the heat transfer mechanism when applying an air curtain across the aperture of a 

solar cavity receiver. It is noteworthy that the numerical models used in this study were only 

validated using cases without an air curtain. This limits their usefulness especially that there is 

sufficient evidence to show that air curtains can act to increase heat losses at particular designs 

and operating conditions. Furthermore, this study was limited to no wind conditions and 

therefore, the impact of external wind on the performance of the air curtain was not 

investigated.     

In a numerical study, Yong et al. (2018) used a solar dish receiver at 723K and an air 

fan to generate two modes of forced air across the aperture of a cavity with various inclination 

angles. In the first mode, the pressure of the fan was set to values less than zero generating air 

jet injecting upward from the lower part of the opening. While in the second type, setting the 

fan pressure to values larger than zero Pa, the air was injected downward from the upper side 
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of the opening. The results were obtained at the pressure level of −30 Pa to +40 Pa to adjust 

the speed of the forced air flow across the aperture. It was concluded that by applying an air 

curtain, the convective heat losses could be reduced up to 58%. The results showed that the 

upward air curtain had performed better than a downward blowing air curtain. It was also 

pointed out that the airflow from the air curtain should not exceed a certain velocity threshold, 

since by increasing the forced airflow as it is depicted in Figure 2.6, the large eddy inside the 

cavity, induced by the curtain flow, in the proximity of the aperture expanded. This increased 

the calculated turbulence intensity inside the cavity and it was followed by an increase in the 

convective heat losses in the vicinity of the aperture. This pronounced the need to find the 

optimal airflow of the aero-window for the air curtain design. However, this study was limited 

to the buoyancy dominated flows and further work needs to be done to explore the effect of 

wind speed on the performance of the air curtain for different configurations of upward or 

downward blowing. 

 

                            

 

Fang et al. (2019) investigated the influence of the curtain outlet velocity and 

temperature, and the inclination and width of the air curtain flow on heat losses, through a 

Figure 2.6- The calculated pathlines of the normalised temperature for upward blowing air curtain in the central cross section 

of the cavity for the inclination angle of θ = −30° and fan pressure of (a) −20 Pa, (b) −30 Pa. Note: Normalised temperature 

has been defined as the difference of the temperature at each point with the minimum temperature of the cavity related to the 

temperature difference of the point with the maximum temperature and the minimum temperature. (T*= 
𝑇−𝑇𝑚𝑖𝑛

𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛
). (Yang et 

al., 2018) 
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computational study. Their results showed that the application of an air curtain enlarges the 

stagnation zone inside the cavity and the downward-facing air nozzle causes the largest boost 

in loss mitigation. The variation of convective heat losses as a function of the velocity of the 

air curtain confirmed that for all cases, including for different outlet widths and flow 

temperature of the air curtain, at an optimum outlet velocity the heat losses reached their 

minimum value. However, the presented numerical results are relevant to no wind condition 

and the effect of the characteristics of the air curtain for windy conditions is yet to be assessed 

experimentally.  

In the literature, very few studies have investigated the impact of wind speed on the air 

curtain in solar cavity receivers. In a numerical study, Flesch et al. (2016) analysed the 

application of the air curtain for solar cavity receivers under windy conditions. They developed 

a numerical model of the cavity and validated the case for no modification with available 

experimental data. They used this model to calculate the convective heat losses for wind speeds 

varying between 0 to 5 m/s for tilt angles of 0° and 60° with air curtain velocity of 0 to 5 m/s. 

Utilising the temperature contours and velocity vectors, the impact of head-on wind on the 

stagnation zone, for both cases of no wind and wind speed of 5 m/s, was demonstrated. It was 

found that for the horizontal cavity, the convective losses decrease by increasing the curtain 

speed up to an intermediate value, and then further increase of the jet speed led to an increase 

in the losses. For the larger inclination angle of the cavity, the optimum curtain speed in which 

the convective heat losses were minimum was markedly less than that of the horizontal cavity. 

However, the study did not provide dimensionless numbers relative to the investigated cases 

to generalise the findings. Thus, a detailed investigation of the wind speed effects on the air 

curtain performance is yet to be conducted.   
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2.5  Hybrid Solar Combustion Receiver  

The hybridisation of Concentrated Solar Thermal (CST) with other energy sources is 

being developed to supply firm power, guarantee dispatchability and achieve cost-effective 

power generation for the times when solar flux is not sufficient. Among the variety of energy 

sources, combustion is believed to be compatible with CST technology considering the 

potential of both technologies to be applied for high-temperature applications (Nathan et al., 

2018, Corona and San Miguel, 2015, Zhou, 2014). The hybridisation of solar and combustion 

can be implemented in two arrangements of stand-alone and integrated form (Figure 2.7). In 

stand-alone systems, combustion is provided as a backup power source for solar technology 

whereas in an integrated system a solar receiver and a combustor are combined into a single 

device. The integrated systems have the advantage of sharing the same infrastructure and hence 

potential reduced capital costs. The integrated systems also reduce operation and maintenance 

costs because the integration of both energy sources eliminates start-up and shout down and 

the need for ramp up during intermittent periods (clouds) and the risk of thermal shocks 

(Nathan et al., 2014). The Hybrid Solar Receiver Combustor (HSRC) is a recently developed 

hybrid system that uses a single chamber as both the combustion chamber and the solar cavity 

receiver (Nathan et al., 2013). The cavity incorporates multiple jets providing air and fuel for 

the combustion process to occur. The HSRC has the potential to be operated in three modes 

namely; “combustion only”, “solar only” and “hybrid solar and combustion”. This technology 

has the potential to be compatible with thermal storage systems which enhances the efficiency 

of the system compared with stand-alone combustion hybridisation (Nathan et al., 2018). The 

techno-economic assessments revealed that the application of the HSRC system in a power 

plant has the potential to reduce both the capital and levelised cost of electricity (LCOE) for a 

power plant up to 51% and 24%, respectively, compared with the solar only system (Nathan et 

al., 2014). It was also found that relative to an equivalent stand-alone solar and boiler hybrid 
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system, the HSRC has the potential to reduce the LCOE and fuel consumption up to 17% and 

31%, respectively.  

 

The experimental demonstration of a 20-kWhth HSRC technology (Chinnici et al., 

2018) was successfully conducted by designing and building a laboratory scale device as shown 

in Figure 2.8. The device features an insulated cavity with an aperture fitted on the front plane 

to receive solar radiation. A coiled heat exchanger was used in the internal surface of the cavity 

using air as the heat transfer fluid. Using N-type thermocouples the temperature of the fluid at 

the inlet and outlet of the heat exchanger and in different sections along the internal surface of 

the cavity was measured. The annular jet arrangements were featured to provide air and fuel 

into the cavity with an intense recirculation of hot products to effectively establish the 

Moderate or Intense Low oxygen Dilution (MILD) combustion regime. MILD combustion 

regime is characterised by a high recirculated volumetric reaction to offer low pollutants such 

as NOx emissions, good heat transfer and relatively uniform temperature distribution. A 5-kW 

xenon-arc solar simulator was used to simulate the solar radiation for solar only and mixed 

mode of operations. A wide range of fuels was used for the combustion process and the thermal 

characteristics and pollutant emissions of fuels were measured and recorded. The results 

showed that MILD combustion regime was successfully established within the chamber. It was 

also found that the three modes of operation yield similar thermal efficiency. For the operation 

(a) (b) 

Figure 2.7-  Schematic diagram of the hybrid solar power tower configured as (a) stand-alone and (b) 

integrated system (Nathan et al., 2014). 
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of the device in mixed mode, it was found that the interaction of the fluids in the surrounding 

ambient with the gases inside the cavity did not significantly affect the stability and heat flux 

profile of the MILD combustion. While the convective heat losses in solar only mode constitute 

60% of the total losses, for the mixed mode of operation the sum of radiative and convective 

losses accounts for 6% of the losses only. However, the study reported the results of the 

aperture to cavity diameter ratio of 0.2 and the effects of larger aperture ratios have not been 

reported. Moreover, the effect of external wind on the combustion and convective heat losses 

from the chamber was not considered in this study.  

 

Figure 2.8- Schematics diagram of the HSRC device a) the side view presenting the position 

of the thermocouples b) the end view (Chinnici et al., 2018). 

In a subsequent study, Chinnici et al. (2020) measured the effect of solar to combustion 

ratio on the performance of an HSRC. This study showed how changing the solar intensity and 

variation of solar to combustion ratio changes the performance of the HSRC. It was found that 

for a large range of solar to combustion ratios the stability of MILD combustion occurs. This 

indicates that the MILD combustion can be used to compensate for variability in the solar 

resource. However, the neglected in this study was the effect of variation of the external flow 

on the stability of the combustion process.  

(a) (b) 
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Flow behaviours within the HSRC can be categorised into three main features 

depending on the operation mode. In the solar only mode, where no jet is used and the aperture 

is open to receive the solar radiation, the cavity can be considered as a conventional cavity 

receiver. In the combustion only mode, where fuel and air are provided through multiple 

impinging jets into the cavity to establish a combustion regime and where the aperture is closed, 

the flow behaviour is similar to that for a combustion chamber and features jets in a confined 

cylinder. In the mixed mode of operation, the air and fuel are provided into the cavity through 

multiple jets and the aperture is opened to receive the solar radiation. While there is an immense 

body of literature on the flow behaviour within the combustion chambers and conventional 

cavity receivers, there is a lack of knowledge on the flow features relevant to the latter category 

of HSRC flow i.e. in the mixed mode of operation. It is important to investigate the interaction 

of flows inside and outside the hybrid cavity, as the entertainment of the external flow has the 

potential to change the flow features within the cavity. It can affect the combustion process and 

the stability of the combustion by changing the air to fuel ratio. Moreover, the entrainment of 

the cold external air into the cavity has the potential to increase the convective heat losses 

through the aperture.      

2.6  Flow features induced by multiple jets in confined flow  

A great deal of attention has been devoted to studies of both reacting and non-reacting 

flows induced by jets within a chamber (Zhu and Shih, 1994, Dahm and Dimotakis, 1987, 

Fitzgerald and Garimella, 1998, Boushaki et al., 2008). From these studies, it was found that 

flow features within an enclosure are primarily affected by the inclination angle of jets to the 

chamber axis. In an experimental study, Gao et al. (2013) used the Particle Image Velocimetry 

(PIV) technique to investigate the flow characteristics generated by two opposed round jets 

inside Confined Impinging Jet Reactors (CIJRs) under isothermal condition. They found that 

for a jet Reynolds number range of 10620 to 21210, the effect of the jet Reynolds number on 
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the velocity distribution in the cavity was negligible. They also observed that the stagnation 

point, where the jets emerged and the flow velocity was zero, substantially depended on the jet 

velocity ratio of two jets. The results showed that for the geometry they used, and to keep the 

stagnation point at the centre of the chamber, hence to have a symmetric flow pattern within 

the chamber, an equal flow rate through the jets is essential. It was also found that as the 

distance between the jets axis to the end of the cavity increased, the zone with high turbulence 

kinetic energy decreases. Worth noting is that these experiments were conducted in a cavity 

without an aperture, therefore, the effect of external flow on the flow behaviour within the 

chamber has not been investigated.   

Chammem et al. (2013) used a combination of experimental and numerical techniques 

to investigate the flow field of inclined jets in a large longitudinal enclosure. They characterised 

the flow dynamics resulting from the impingement of two inclined jets with different jets pitch 

angles and Reynolds numbers. It was found that each jet in the confined space, behaves like a 

single jet initially. As the jets evolve further, the outer edges of the jets started to interact with 

each other to form one combined jet. The position of the “resulting jet” formation, depended 

on the pitch angle of the jets so that for larger pitch angles, the resulting jet developed further 

downstream. It was also found that the turbulence intensity, the velocity decay rate and the jet 

spreading rate depend on the jet Reynolds number.  

In a series of studies Long et al. (2017, 2018a,b, 2019) investigated the flow features 

of isothermal multiple jets in a confined chamber under a variety of conditions relevant to 

practical applications such as solar receiver reactor, gas turbine engines and multiple burner 

combustors. In a combined experimental and numerical study (Long et al., 2017), the 

isothermal flow within a scaled down cylindrical cavity equipped with planar symmetric jets 

was characterised. They utilised the PIV technique as the experimental method to investigate 

flow behaviour using water as the working fluid. For the numerical modelling, they used the 
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Reynolds-Averaged Navier-Stokes (RANS) method to develop a 3 dimensional (3-D) 

computational fluid dynamic (CFD) model. They investigated the influence of the number of 

the jets and inclination angle on the flow dynamics under isothermal conditions by using 2 and 

4 jets configured as inclined jets with inclination angles to the chamber axis (𝛼𝑗) of 25° and 

50° whereas the Reynold number of the jet flow was fixed at 10,500. The results showed that 

(see Figure 2.9) four major flow regimes were observed within the cavity with a significant 

dependence on the inclination angle and number of the jets. The flow regimes included a central 

recirculation regime for 0° ≤ 𝛼𝑗 < 10°, an external recirculation zone with a jet impingement 

point for 10° ≤ 𝛼𝑗 < 35°,  reverse flow for 35° ≤ 𝛼𝑗 < 60° and a secondary dominant external 

recirculation zone for 60°≤ 𝛼𝑗 < 90°. It was found that the flow stability, dominant flow 

recirculation zone and turbulent intensity were mainly controlled by the inclination angle while 

the number of jets had a secondary impact on the flow stability, the turbulence intensity and 

the transition of the recirculation regime.   
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In a subsequent experimental study, Long et al. (2018b) investigated the flow behaviour 

within cylindrical cavity equipped with four rotationally symmetric jets with inclination angle 

(𝛼𝑗) varying over 25° to 45° and a tangential component to the chamber axis (𝜃𝑗) termed as 

azimuth angle varying from 0° to 15°. It was found that the jet azimuthal angles have a first-

order influence on flow behavior within the cavity so that the strength of the resulting jet flow 

changed reversely with the value of azimuthal angle whereas the strength of reverse flow 

increased as the azimuthal angle increases. The extent of turbulence and flow unsteadiness 

were also significantly influenced by the jet azimuthal angle.     

Figure 2.9- Diagrams showing the flow fields induces by multiple impinging jets in a cylindrical chamber for four 

jets with inclination angles of (a) 0°, dominant central recirculation flow regime, (b) 25°, external recirculation 

dominated flow regime, (c) 50°, external recirculation zone with upstream reverse flow, (d) 90°, jet impingement 

regime (Long et al., 2017).  

40



 
 

 

In a following study, Long et al. (2018) investigated the effect of the aspect ratio of a 

cavity with four swirling jets on the flow field within a cylindrical cavity. It was revealed that 

for jets with an inclination angle of 25° and azimuthal angle over the range of 5° to 15°, the 

flow features within the cavity strongly depended on the aspect ratio of the cavity. As depicted 

in Figure 2.10, three different flow patterns namely; external and central recirculation zones, 

external recirculation zone with a resulting flow and external recirculation zone with no 

resulting flow regimes, were observed over the aspect ratio of 1 to 3. The effect of aspect ratio 

and back pressure variation was significant over the aspect ratio of 1 to 1.5, whereas their effect 

was weak for larger aspect ratios. 

 

Figure 2.10- Schematic diagrams of the flow features within a cylindrical cavity induced by 

multiple impinging jets for aspect ratios (Lc/Dc) of 1-3. (a) External and central recirculation 

zones, (b) External recirculation zone with a resulting flow, (c) External recirculation zone with 

no resulting flow (Long et al., 2018). 

A wide range of studies has been devoted to investigating the precessing vortex core 

(PVC), defined as the precession of the vortex-core relative to the axis of an axisymmetric 

device, for single jet application (Syred, 2006). These studies showed that flow features, 

combustion efficiency and mixing performances of vortex devices are significantly influenced 

by PVC. An experimental study by Long et al. (2019) provided both qualitative and 

quantitative information on the interaction of the isothermal flows from multiple confined jets 

within a cylindrical cavity. The jets were configured with swirl angles (θj) of 5° and 15° and 
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inclination angles (αj) of 25° and 45° at a fixed jet Reynolds number of 𝑅𝑒 = 10500. As 

presented in Figure 2.11, for the jet configurations they used, three distinctive flow regimes 

were identified based on the extent of the central recirculation zone (CRZ) and the external 

recirculation zone (ERZ). While a PVC occurred for all three flow regimes, the following main 

flow characteristics were observed for each regime. For the jet configuration of αj = 45° 

and θj = 15°, magnitude of the tangential velocity was the strongest along the chamber central 

line within CRZ and the cavity was dominantly covered by CRZ. For jet configuration of αj = 

25° and θj = 5°, ERZ was the dominant flow feature within the cavity and the value of the 

tangential velocity was weak. For the jet configuration of αj = 25° and θj = 15°, the extents of 

CRZ and ERZ were relatively similar and the flow was characterised by a medium swirl.    

 

Figure 2.11 - Schematic diagram of three dominant flow features within a confined cylindrical 

cavity incorporating multiple impinging jets with the configuration of (a) 𝛼𝑗 = 25° and 𝜃𝑗 =

5°, (b) 𝛼𝑗 = 25° and 𝜃𝑗 = 15° and (c) 𝛼𝑗 = 45° and 𝜃𝑗 = 15° (Long et al., 2019). 

While the discussion above concerning the flow behaviour of jets in a confined flow 

provides an understanding of the flow features within a cavity, the flow features within a cavity 

incorporating multiple jets and an open aperture with an external flow are yet to be fully 
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explored. Therefore, it is essential to better understand the interaction of external and internal 

flow behaviours of such cavities and to develop strategies to mitigate the convective heat losses 

from hybrid solar cavities.     

2.7 Scalability and dimensional analysis 

In the engineering and physical sciences, dimensional analysis is a well-developed 

method to reduce the number of experimental variables. Dimensional analysis is also associated 

with two main advantages of gaining analytical insights into a given phenomenon and the 

scalability of results. The scalability of results makes it possible to generalise results to similar 

systems of differing scales (Albrecht et al., 2013, Shen et al., 2014). Many engineering fluid 

mechanics problems are solved by testing the smaller-scale models. To apply scaling 

principles, one should consider similarity requirements between a prototype and a model. The 

similarity requirements include geometric, dynamics and kinematic similarities. Geometric 

similarity requires that all linear dimensions have the same scale ratio. Strictly speaking, 

satisfying geometric similarity is essential for any meaningful model test. To apply kinematic 

similarity, velocity and acceleration ratios at similar points of the model and the prototype 

should be the same. Dynamic similarity involves the equality of the ratios of different forces at 

similar points of the model and the prototype (Gerhart et al., 1992). In order to achieve the 

complete dynamic similarity between geometrically similar flows, the dimensionless groups 

must be reproduced in the same values. For instance, same Reynolds number between a model 

and prototype is ensured for dynamically similar flows (Zohuri, 2015). 

In the literature, the experimental studies on the convective heat losses from solar cavity 

receivers and the studies investigating the effectiveness of air curtain utilised the dimensional 

analysis to express the system with independent variables and dimensionless parameters. These 

dimensionless numbers can be divided into three main categories of the geometry of cavity, 
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the operation of a cavity and the application of an air curtain. The first group includes the 

aperture to cavity diameter (Dap/Dcav) and length to the diameter of the cavity (Lcav/Dcav) (Lee 

et al. 2017; Kasaeian et al., 2021). The second group includes Reynolds number, Grashof 

number, Nusselt number and Richardson number of the cavity (Clausing, 1981; Siebers & 

Kraabel, 1984; He et al, 2019; Kim et al, 2015; Lee et al, 2019a; b; Lipiński et al, 2021). The 

last group includes deflection modulus, the relative velocity of air curtain flow to wind flow, 

the momentum ratio of the air curtain to wind flow and effectiveness (Fang et al., 2019, Hayes 

and Stoecker, 1969 a,b, Khayrullina et al., 2020). For instance, the wind speed for tower 

mounted cavity receivers is in the range of 15 to 20 m/s. This corresponds to a Reynolds number 

in the order of 106 (Clausing, 1981). The Grashof number is estimated to be in order of 1012 

for practical cavity receivers (Le Quere, 1981). The Richardson number also is used to 

characterise the heat transfer regime within cavity receivers. For head-on wind directions, 

natural and mixed convection control convective heat losses below an inverse Richardson 

number of 10, while forced convection dominates above this threshold (Ma, 1993). 

2.8 Research gaps 

The above background literature has provided valuable insights into the importance of 

mitigating convective heat losses from standard and hybrid solar cavity receivers and how a 

fluidic barrier across the aperture can assist in mitigating these losses. Despite the many studies, 

some research gaps remain in the literature which requires further research. Some of these gaps 

are:   

• The interaction of the flows across the aperture of a hybrid cavity receiver, with 

induced flows inside the cavity, is not yet understood;  

• The effects of the flow pattern induced by multiple impinging jets on flow 

through a cavity aperture have not been ascertained;  
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• The effects of wind speed and direction on air ingress and its impact on the 

combustion process inside a hybrid cavity receiver have not been well-

understood; 

• Systematic assessment of the key controlling parameters influencing the 

performance of a fluidic barrier system for a solar receiver under windy 

condition has not been established; 

• The influences of operating conditions of a cavity on the performance of the air 

curtain for windy conditions have not been investigated experimentally;  

• The feasible approaches to design air curtain with regards to either the active 

flow type (injection or suction) or curtain configuration in the vicinity of the 

aperture have received limited attention. 

2.9  Project aim and objectives 

To address the above-identified gaps in the literature, the current study aims to develop 

an aerodynamic based approach for convective heat loss mitigation from tower-mounted solar 

cavity receivers (including hybrid solar-combustion systems). That is, this aerodynamic barrier 

will minimize fluid ingress/egress into and from the solar receiver as well as prevent hot gases 

from leaving the cavity through the aperture, for a standard cavity receiver and the hybrid solar 

receiver combustor operating in the mixed-mode. Hence, in a systematic combined numerical 

and experimental campaign, the application of an air curtain to minimize convective heat losses 

from a heated cavity receiver for a series of wind speeds and air curtain operating conditions 

was examined. The main aim of this study is to deduce the mechanism of the convective heat 

losses from solar cavity receivers and to provide a basis for understanding the parameters 

associated with loss mitigation approaches.   

The specific objectives of the present project, to address the aim and gaps, are to:  
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1. Design and assess fluidic barrier concepts for a scaled model of the cavity 

receiver; 

2. Examine the configurations of air curtain for different convective heat transfer 

regimes; 

3. Develop and validate 3-D CFD model and use to provide additional 

understanding of the flow behaviour within the cavity and the interaction of the 

external flows of wind and aerodynamic barriers;   

4. Evaluate the relationship between the internal flow patterns and flow 

characteristics in the vicinity of the aperture of a hybrid cavity affected by the 

external wind. 
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Experimental insights into the mechanism of heat losses from a cylindrical
solar cavity receiver equipped with an air curtain

Elham Alipourtarzanagh⁎, Alfonso Chinnici, Graham J. Nathan, Bassam B. Dally
Centre for Energy Technology, School of Mechanical Engineering, the University of Adelaide, Adelaide, South Australia 5005, Australia

A R T I C L E I N F O
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Convective heat losses
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A B S T R A C T

We report on the effectiveness of an air curtain to mitigate convective heat losses from a heated cylindrical cavity
receiver operated at fixed tilt (15°) and yaw angles (0°). The cavity was heated electrically with a controller to
maintain a constant inside temperature of 300 °C, varying wind speed, air curtain velocity and discharge angle. It
was found that the greatest convective heat losses occur over the lower internal surfaces of the cavity for all
cases, spanning both natural and forced convection regimes, while a discharge angle of 30° relative to the face of
the cavity is more effective than a parallel curtain, which was found to increase heat losses. It was also found
that, for a discharge angle of 0°, increasing the velocity of the air curtain leads to higher convective heat losses.
However, for a curtain discharge angle of 30°, increasing the air curtain velocity can reduce heat losses by up to
60%. The measured distribution of air temperature across the aperture plane and convective heat losses through
the surface were used to provide insight into the causes of these observations. These results suggest that, for
tilted, tower-mounted cavity receivers, the orientation of an air curtain should be directed with a component
towards the wind, rather than parallel to the aperture plane.

1. Introduction

Tower-mounted cavity receivers are under development for
Concentrating Solar Thermal energy (CST) technology owing to their
potential to lower radiation losses, which is particularly important for
high temperature applications (Vant-Hull, 2012). Solar receivers have
the crucial role in CST systems of absorbing the concentrated solar
radiation and transferring it to a heat transfer fluid (Romero et al.,
2002). Hence, a key research driver is the need to minimize heat losses
from a cavity receiver in order to enhance thermal efficiency and re-
duce solar thermal energy costs (Clausing, 1981, 1983; Lee et al., 2018;
Lee et al., 2019a, b; Siebers and Kraabel, 1984; Taussig, 1984; Uhlig
et al., 2014). However, while the radiation losses have received much
attention, the convective heat losses are both more complex and more
poorly understood. This complexity stems from the interdependency of
the operating conditions, the geometry of the cavity receiver and en-
vironmental conditions (Siebers and Kraabel, 1984). Therefore, the
overall objective of the present investigation is to advance under-
standing of potential approaches to mitigate convective heat losses
from cavity receivers.

The majority of the previous investigations of the convective heat
losses from cavity receivers have considered the geometrical shape, the
inclination angle of the cavity, internal temperature distribution, wind

speed and wind direction (Clausing, 1981, 1983; Lee et al., 2018; Lee
et al., 2019a, b). However, little attention has been given to the po-
tential for active flow control devices, such as air curtains, to mitigate
convective losses. This previous work has identified that the internal
flow is typically divided into two zones, namely the upper stagnant
zone, where hot air is stratified, and the low convective zone, driven by
buoyancy and/or wind (Clausing, 1981). Lee (Lee et al. (2018, 2019b)
found, through measurements in a wind tunnel, two regimes in the
dependence of the Nusselt number on the inverse Richardson number.
For head-on wind directions, natural and mixed convection control
convective heat losses below an inverse Richardson number of 10,
while forced convection dominated above this threshold (Lee et al.,
2018). However, the relationship depends both on wind direction and
cavity dimensions. Interestingly, they also found that, for some wind
speeds and a side-on wind direction, the convective heat losses are even
lower than for the case with no wind at all. This is significant, because it
suggests that an air curtain may be able to generate a barrier to con-
vective losses across the aperture. However, no measurements of the
effect of an air curtain on convective losses have been reported to date.

The use of an air curtain as an aerodynamic barrier to convective
heat losses from solar cavity receivers has been proposed previously
(Uhlig et al., 2014). Furthermore, a preliminary estimate suggests that
this could be economically and technically viable (Taussig, 1984).
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Received 11 December 2019; Received in revised form 7 February 2020; Accepted 2 March 2020

⁎ Corresponding author.
E-mail address: elham.alipour@adelaide.edu.au (E. Alipourtarzanagh).

62



However, it should be noted that the air curtain is acting as an aero-
dynamic barrier and do not seal the cavity receivers completely in a
way that the transparent windows do. Therefore, while the air curtain
can be applied for cavities with chemical reactions which are not sen-
sitive to the air leakage (Jafarian et al., 2017), for cavities with sensi-
tive reactions to air leakage (Romero and Steinfeld, 2012) further
considerations and improvements of the aerodynamic barrier are re-
quired. Aerodynamic barriers have been extensively used in many
practical applications, such as industrial furnaces (Oliveira et al., 1991),
open refrigerated display cabinets (Sun et al., 2017), buildings
(Goubran et al., 2016) and refuges (Wang et al., 2017) to reduce the
penetration of heat, moisture and mass from one space to another.
Previous work (Oliveira et al., 1991) has shown that some of the
parameters need to be taken into account when designing air curtains,
including the density gradient, momentum flux and the height of the
nozzles above the impinging surface relative to the nozzle width.
However, the relative significance of these parameters differs markedly
from one application to another, so that work from one investigation
cannot be directly translated to another. Hence, the present paper seeks
to identify those parameters of an air curtain which affect the appli-
cations of solar cavity receivers.

A number of mathematical models have also been used to estimate
the heat transfer through an air curtain and to characterise its flow
(Hayes, 1968; Hayes and Stoecker, 1969a, b). Hayes and Stoecker
(1969a, b) developed analytical equations to design air curtains for
building applications. They based their correlations on the ratio of air
curtain momentum flux to the traverse forces on the height of the air
curtain, deduced by the density gradient on either side of the air cur-
tain. Worthy of note is that they did not consider the effect of wind load
on the air curtain in their equation because it is negligible within a
building. More recently, Siren (Sirén (2003a, b), developed equations to
design the dimensions of air curtains, but also for building applications.
They found that the jet-discharge angle is an important parameter for
air curtain stability. Other important parameters are the ratio of the
door height to the width of the air curtain and the jet momentum flux.

Costa (Costa et al. (2006) assessed the effect of the jet discharge angle
on the effectiveness of the air curtain and found it to increase by about
70% for an outward orientation of 15°–20°, compared with that of a
vertical discharge. It is also known (Fang et al., 2019; Hayes and
Stoecker, 1969a; Hughes et al., 2015; Verhaeghe et al., 2010; Zhang
et al., 2015) that there is an optimal discharge velocity, with heat losses
increasing as the jet velocity exceeds the optimal value. However, due
to the significant differences between the geometry and operating
conditions, such as the temperature and wind speed of a solar cavity
receiver relative to a building, it can be expected that these previous
correlations will have poor validity for solar cavity receivers under
windy conditions.

Perhaps the equations of greatest relevance were developed by
Zhang (Zhang et al. (2018), as an extension from previous studies for
buildings (Hayes and Stoecker, 1969a, b). The total pressure difference
across the two sides of the air curtain PΔ ac is the sum of the pressure
gradient induced by the temperature difference per meter of the width
of the air curtain, ΔP1, and that induced by the wind, ΔP2.

= +P P PΔ Δ Δac 1 2 (1)

= −P gH ρ ρΔ ( )h c1 (2)

=P ρ uΔ 0.5 w w2
2 (3)

where g is the gravity, H is the height of the air curtain (the height of
the opening), ρh is the density of the air on the hot side, ρc is the density
of the flow in the cold side, ρw is the density of the blowing air induced
by the wind, which is equal to the air density at the cold side, and uw is
the wind speed. The Deflection Modulus (Dm) is defined by Hayes
(Hayes and Stoecker, 1969b) as the ratio between the momentum flux
of the air curtain at the outlet and the force exerted by the height of the
air curtain, driven by the total pressure gradient on either side of the jet
flow. By applying the total pressure gradient from Eq. (1), the deflection
modulus is:

Nomenclature

A area (m2)
b width of the air curtain (m)
D diameter (m)
g gravity (m/s2)
H height (m)
K thermal conductivity (W/m K)
L length (m)
P pressure (Pa)
Q heat transferred (W)
T temperature (°C)
u velocity (m/s)
W width (m)

Greek Letters

α yaw angle of the cavity (°)
β thermal expansion coefficient (1/K)
ε effectiveness
θ tilt angle of the cavity (°)
μ Viscosity (kg/m. s)
ρ density (kg/m3)
ϕ discharge angle of the air curtain (°)

Non-Dimensional Numbers

Dm deflection modulus

Gr Grashof number, =
−Gr ρ gβ T T D

μ
( )wall a cav2 3

2

Nu Nusselt number, =
−

Nu Q D
A T T k( )

conv cav
total cav wall a ref,

Re Reynolds number, =Re ρu D
μ
w cav

Ri Richardson number, = =
−Ri Gr

Re
gβ T T D

u
( )wall a cav

w
2 2

Subscripts or Superscripts

a ambient
ac air curtain
ap aperture
c cold side
cav cavity
h hot side
l losses
n-ac no air curtain
ref reference
w wind

Abbreviations

ac Air Curtain
CST Concentrating Solar Thermal
conv convection
rad radiation
cond conduction
SLPM standard litter per minute
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=

− +

D
ρ b u

gH ρ p ρ u H
( )

[( ( ) 0.5 ]
.m

ac ac ac

c h w w

2

2 (4)

The proposed minimum deflection modulus (Dm,min) to generate
sufficient jet intensity at the entrance of a road tunnel to resist any
traverse interference and inhibit flow through the opening, can be es-
timated with an empirical constant based on the ratio of the width of
the nozzle to the height of the opening (bac/H) (Hayes and Stoecker,
1969a). By rearranging Eq. (4) the minimum velocity required to
achieve Dm,min and form a stable aerodynamic barrier can be found
using Eq. (5) as follows:

=
− +

u
D gH ρ ρ ρ u H

ρ b
[ ( ) 0.5 ]

.ac min
m min c h w w

ac ac
,

,
2

(5)

Given the differences between conditions in a building and solar
receiver, noted above, one aim of the present investigation is to assess
the extent to which these correlations apply and to assess the effective
parameters on the performance of the air curtain to minimise the
convective heat losses from solar cavity receivers.

To address the above-identified gaps in the literature, the aim of the
current study is to advance understanding both of the effectiveness of
air curtains for solar cavity receivers and the relevance of previous
equations in describing them. This is to be undertaken through sys-
tematic experimental investigation, using a series of air curtains for a
heated cylindrical cavity receiver for a series of wind speeds, discharge
angles and velocities.

2. Methodology

An experimental campaign was conducted with an electrically-he-
ated cavity receiver placed in the open section of a large wind tunnel
with a cross-section of 2.75 m × 2.19 m, at the University of Adelaide.
The average wind speeds used in this study were uw = 0, 3, 6 and 9 m/
s.

The experimental details of the heated cavity used in the current
study have been published previously by Lee et al. (2018), so only a
brief description is provided here. The cavity has a length of 0.45 m, an
internal diameter of 0.30 m and is fitted with an aperture on the front
face of 0.10 m in diameter. The blockage ratio of the cavity to the open
test section of the wind tunnel is 4.1%, which is sufficiently low for any
confinement effects to be negligible. The tilt angle of the cavity is set to
15° below the horizontal, while the yaw angle relative to the wind is set
to 0°. The inside surface of the cavity is lined with 16 heating elements,
with 12 mounted annularly, each covering a 180° arc in both the upper
and lower half, as well as another four circumferential rings mounted
on the back wall, as described by Lee et al. (2018). These surface-

mounted heaters are made of copper, due to its high thermal con-
ductivity. The external surface of the heaters is covered by 40 mm of
fiber insulation, made from mineral wool covered by an aluminum foil
to reduce conductive heat loss. Mica insulators are used between the
heaters as thermal insulators to minimise the conductive heat transfer
between heaters. The heaters are individually controlled by a feedback
controller that can be set to the desired temperature. The temperature
of the heaters is recorded using K– type thermocouples with washers
attached to the respective copper surface. It is assumed that the tem-
perature of the whole copper surface is uniform due to the high thermal
conductivity of the copper. Datataker DT85, Matlab and Simulink
programs, and an Arduino and DMX lighting system are used for the
power controllers. The power required to keep the temperature of each
heater at a set point is also recorded for 300 s after steady-state con-
ditions have been reached. The steady-state condition is defined as
being reached when both the variation of temperature of each heater is
below±0.5 °C and the variation of the total heat is less than± 5% of
the total power for cases where the total power is above 2 kW and±
100 W for the cases where the total power is below 2 kW for 300 s. The
temperature across the aperture was measured by using a K-type
thermocouple. The mean temperature was deduced from measurements
over 300 s at different points across the aperture. This allowed the es-
timation of the average air temperature at the aperture plane.

A purpose-designed air curtain nozzle is mounted above the aper-
ture, blowing downward across the aperture. The air curtain consists of
three different sections: an air supply, distribution plenum and nozzle.
The compressed air is provided by a Kaeser rotary screw compressor
SM9 through a ½” size pipe to the air supply section of the air curtain.
The distribution section has a 25° angle of expansion from the air
supply to the nozzle. The compressed air passes through the distribu-
tion plates inside the body and exits via the nozzle. The air curtain has
an outlet gap of 2 mm width and a length of 165 mm. The resulting
airflow is uniform to within±2%, with an outlet velocity of
20 ± 0.4 m/s across the exit plane. Fig. 1 presents a schematic dia-
gram of the cavity and air curtain used in the current study. The relative
inclination angle of the curtain to the cavity surface, ϕ, was varied over
the range 0° to 30° by rotating the air nozzle around the pivot point.

The modified deflection modulus equation developed by Zhang
et al. (2018) (Eq. (5)) was used to find the minimum velocity of the air
curtain. For the present condition, the height of the aperture (H) was
0.10 m, the temperature of the internal surface was 300 °C, at which
temperature the density of the air is =ρ 0.84h

kg
m3
, the air curtain and

the wind were both at 25 °C, at which temperature the density of the air
is = =ρ ρ 1.18ac w

kg
m3
, respectively. Therefore, the minimum outlet ve-

locity of the air curtain (uac) is 16 m/s to achieve Dm,min of 0.17 to
establish an optimal shielding at uw = 9 m/s. Hence we used a safety

Fig. 1. A schematic diagram of the cavity and air curtain (ac) used in the current study. Here, θ is the cavity tilt angle and ϕ is the air curtain discharge angle.
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factor of 0.15 and set the target air curtain velocity to 18 m/s, although
we also assessed velocities of 4.5 and 9.0 m/s. The volumetric air flow
rates were controlled by using Alicat Scientific MCR-1000 SLPM to 80
SLPM, 160 SLPM and 320 SLPM.

The total heat losses Q( )total from the cavity comprise the sum of the
conduction (Qcond), convection (Q )conv and radiation (Q )rad heat losses.
These can each be determined from a sequential process following our
earlier work (Lee et al., 2018). The heat losses through the walls via
conduction can be measured by repeating the experiment with identical
experimental conditions, except that the aperture is closed. The radia-
tion heat losses are measured from a fourth-order dependence on
temperature. The convection heat losses then are determined by sub-
traction of the conduction and radiation heat losses.

= − +Q Q Q Q( )conv total cond rad (6)

The Richardson number (Eq. (7)) was used to generalize the results
and to reduce the data from related assessments reported previously for
other temperatures and receiver sizes.

= =
−

Ri Gr
Re

gβ T T D
u

( )wall a cav

w
2 2 (7)

Furthermore, the mean Nusselt number was calculated as follows:

= =

−

Nu
total convective heat transfer
conductive heat transfer

Q D
A T T k( )

conv cav

total cav wall a ref, (8)

where the total inner area of the cavity is 0.495 m2. A reference
temperature for the properties of the air was defined as follows:

= +T T T
2 2

,ref
wall a

(9)

kref is the thermal conductivity of the air at Tref.
The effectiveness of the air curtain (ε) is defined as:

=
−−

−

ε
Q Q

Q
,conv n ac conv ac

conv n ac

, ,

, (10)

where Qconv ac, is the measured convective heat losses for each experi-
mental case with an air curtain and −Qconv n ac, is the convective heat
losses for the same conditions but without an air curtain.

The convective heat losses are reported for a fixed cavity tempera-
ture of 300 °C only. However, the Richardson number can be used to
estimate findings to other cavity temperatures and larger diameters
following previous work (Lee et al., 2018; Lee et al., 2019a). In addi-
tion, Eq. (4) shows that the effect of the temperature of the cavity on the
deflection modulus and the stability of the air curtain become ne-
glectable for sufficiently windy conditions. For instance, with a wind
speed of 9 m/s and an air curtain velocity of 18 m/s, a change to the
temperature of the cavity from 300° C to 1000 °C changes the deflection
modulus by only 0.6%.

Table 1 presents the experimental conditions assessed for the 32
cases. Of these, 4 were performed with a closed aperture to measure the
conductive heat losses, 4 with different wind speeds to measure the
convective heat losses without an air curtain and 24 were performed
with a series of velocities and discharge angles of the air curtain.

The estimated uncertainty of the velocity of the air curtain derived
from the flow meter is± 0.4%. The maximum uncertainty of the heat
losses contributed from each heater including that of the thermocouples

and control devices is 3.1% of the total measured heat losses. The un-
certainty of the measured wind speed of the wind tunnel is± 0.1 m/s.

3. Results and discussion

3.1. Effectiveness as a function of discharge angle

Fig. 2 (a) presents the values of the effectiveness of the air curtain
(Eq. (10)), ε (%) as a function of the velocity of the air curtain for
different wind speeds of uw = 0, 3, 6 and 9 m/s and for two different air
curtain discharge angles of ϕ = 0° and 30° but for constant values of
yaw angle (α = 0°), tilt angle (θ = 15°) and cavity surface temperature
(300 °C). The results show that the air curtain typically has a better
performance for a discharge angle of 30° than for a discharge angle of
0°. For instance, for uw = 0 m/s and uac = 18 m/s, the effectiveness of
the air curtain is 60% for ϕ = 30° but −43% for ϕ = 0°. Overall, the
impact of the discharge angle on the effectiveness is more significant
with the higher velocities of the air curtain. For example, with a wind
speed of 3 m/s, the effectiveness of the air curtain for two different
discharge angles of 0° and 30° increases by a factor of 4.8 (from 4% to
19%) and then by a factor of 2.4 (from 19% to 46%), as uac is increased
by factors of two from 4.5 to 9 m/s and then to 18 m/s.

The effectiveness of the 0° curtain angle exhibits a maximum for a
particular value of air-speed. This suggests that there are two com-
peting effects. On the one hand, increasing the jet speed increases the
resistance of the jet to the wind, reducing its penetration into the cavity,
while on the other hand it also induces its own circulation of fluid
within the chamber, the strength of which increases with the jet speed.
This optimal jet velocity is 4.5 m/s for the low wind speed case, but
increases with the wind speed. However, the functions of optimal jet
velocity are complex and non-linear, with the relationship between the
different data sets i.e. for different speeds being variable.

Fig. 2 (b) presents the measured effectiveness of those cases with a
discharge angle of ϕ = 30°. It can be seen that the greatest effectiveness
of 60% is achieved for the no-wind condition and the highest value of
uac = 18 m/s. However, the greatest effectiveness for the case of a
windy condition is only 33%, which is achieved for the case of
uw = 6 m/s and uac = 18 m/s. It can also be seen that increasing the
velocity of the air curtain reduces natural and forced convective heat
losses from the cavity for this head-on wind condition with the 30°
outward jet configuration.

The effect of wind speed on the effectiveness of the air curtain can
also be seen in Fig. 2 (b). It is clear that the air curtain achieves better
performance at lower wind speeds for different air curtain velocities. By
increasing the wind speed for most cases, the effectiveness of the air
curtain decreases. For instance, the value of ε drops from 47% to 11%
by increasing the wind speed from 0 m/s to 9 m/s at uac = 4.5. This is
mainly due to the penetration of more lateral flow through the air
curtain and then into the cavity with an increase in the wind speed,
which in turn increases the convective heat losses.

3.2. Convection heat losses distribution inside the cavity

Fig. 3 presents an image of the distributions over the surface of the
measured heat losses from each segment of the cavity and of the dis-
tribution of air temperature in the aperture plane for a series of air

Table 1
List of experimental conditions for thirty two cases. Note: N/A = not applicable.

Wind speed
uw [m/s]

Yaw angle
α [°]

Tilt angle
θ[°]

Temperature of the wall [°C] Length to diameter
ratio

Aperture ratio [–] The velocity of the air
curtain
uac [m/s]

The discharge angle of the air
curtain
ϕ [°]

0, 3, 6, 9 0° 15° 300 1.5 0.33 N/A N/A
4.5, 9, 18 0°, 30°

0, 3, 6, 9 0° 15° 300 1.5 0.0 N/A N/A
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Fig. 2. Values of the effectiveness percentage, ε [%], as a function of velocity of the air curtain uac = 0, 4.5, 9 and 18 m/s, for wind speeds of uw = 0, 3, 6 and 9 m/s,
(a) for an air curtain angle of ϕ = 0° and 30° and (b) for an air curtain angle of ϕ = 30°. Test conditions: α = 0°, T = 300 °C, θ = 15°.

Fig. 3. Colour maps of the distribution over the surface of the measured convective heat losses (W) and of the temperature of the air in the aperture plane for a series
of conditions as shown, spanning a series of two different curtain discharge angles (0° and 30°) and four different velocities of the air curtain (0, 4.5, 9 and 18 m/s).
The test conditions: T = 300° C, θ = 15°, α = 0° and no wind.
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curtain speeds and orientations but for a single value of wind speed,
uw = 0 m/s, i.e. 1/Ri = 0. The temperature distribution across the
aperture for the case without any air curtain, corresponding to natural
convection (Fig. 3a), shows that buoyancy causes the hot gases to leave
the cavity from the upper side of the aperture whilst cold air enters the
cavity from the lower part of the aperture. This buoyancy-driven be-
haviour is consistent with that which has been observed previously e.g.
(Wu et al., 2010). The temperature distribution at the aperture plane
shows that the air flowing through the upper part of the aperture is at
260 °C and the lower part is at 25 °C. The figure also shows the con-
vective heat losses drop in all sections of the cavity by using the air
curtain at a velocity of 4.5 m/s, for both a discharge angle of 0° and 30°.
This implies that the air curtain counters the flow pattern generated by
natural convection to inhibit the transversal hot flow through the
aperture, resulting in approximately 40% less convective heat losses
from the cavity. For a discharge angle of 0°, increasing the velocity of
the air curtain to 9 m/s causes the convective heat losses to increase
relative to the case with uac = 4.5 m/s. This gives further evidence that
increasing the velocity of the air curtain above the local optimal value
acts to increase the mixing between the cold air curtain and hot air
inside the cavity to increase the convective heat losses. Consistent with
this, a further increase in the velocity of the air curtain to 18 m/s acts to
further increase the convective heat losses from all sections of the
cavity, so that the total heat losses are higher than that for no air
curtain. The finding of an optimal velocity of the air curtain is con-
sistent with previous numerical work which confirms that convective
losses can be increased by using an air curtain with too high a speed or
a misdirected jet (Hughes et al., 2015).

Fig. 3 (e-g), presents the equivalent results for the cases with an air
curtain at ϕ = 30°. It can be seen that, in contrast with the case for
ϕ = 0°, the heat losses continue to decrease with an increase of the
velocity of the air curtain over the same range. This suggests that the
discharge angle of 30° reduces the mixing of the jet flow with the hot
fluid in the cavity, although it still inhibits the natural convection flow
pattern. While not necessarily an optimal angle, the 30° case is clearly
better than the reference of ϕ = 0°.

Fig. 3 also shows that the front lower part of the cavity contributes
the most to the total convective heat losses for all of these experimental
cases. For example, for uac = 18 m/s, where the air curtain has the best
performance, the convective heat losses from the lower front part of the
cavity contribute more than 60% to the total convective heat losses.

Fig. 4 presents the corresponding distributions of convective heat

losses and temperature distributions across the aperture for a wind
speed of 6 m/s (1/Ri = 19.3). The case with no air curtain (Fig. 4a)
shows a uniform distribution of relatively cold air through the aperture
plane, which is in a good agreement with the previous findings (Prakash
et al., 2010). The total convective heat losses for this case are 811 W,
which is 2.9 times higher than the 287 W lost for the equivalent no
wind condition (Fig. 3a). This highlights the importance of wind in
inducing heat losses through an aperture, as found previously (Prakash
et al., 2010). The use of an air curtain with ϕ = 0°, causes a 14%
reduction in convective losses for uac = 4.5 m/s to 697 W. However,
further increases in uac lead to progressively greater losses, so that the
convective losses are 11% greater than the case without a curtain for
uac = 18 m/s. The measured temperature distributions at the aperture
plane show that the whole aperture plane is at almost the same tem-
perature as the surroundings for zero and low curtain speeds, but in-
crease at the top of the aperture for higher wind speeds. This is con-
sistent with the curtain generating a stronger recirculation within the
cavity that entrains cavity fluid toward the curtain along the top of the
cavity, which increases convective heat losses through the top of the
cavity.

Fig. 4 (e–g) presents the effect of the air curtain at a discharge angle
of 30°. It can be seen that, in contrast with the case for ϕ = 0°, but
consistent with the trends with uw = 0 m/s, the convective losses
progressively decrease with an increase in uac to result in a 32% re-
duction of losses for uac = 18 m/s relative to the case for no curtain.
Nevertheless, the convective losses are still a factor of two greater than
that for the natural convection case, showing that further optimisation
is still needed.

Consistent with the no wind condition, the greatest convective heat
losses occur at the front lower part of the cavity. However, the dis-
tribution of heat losses for a wind speed of 6 m/s is more uniform than
that for the no wind condition. For example, the lower front and lower
rear section of the cavity for the 6 m/s case contributes to 29% and 30%
of total convective heat losses, respectively for uac = 9 m/s and
ϕ = 30°, while for the equivalent no wind cases 64% and 22% of the
total heat losses occur at the lower front and lower rear sections, re-
spectively. This significant difference in heat flux distribution
(Alipourtarzanagh et al., 2019) highlights the importance of under-
standing the convective flow patterns before seeking to develop a
strategy to mitigate the heat losses from the cavity. The previous sug-
gestion of applying an active air flow over the lower part of the cavity
(Yang et al., 2018) is another option to decrease the convective heat

Fig. 4. Colour maps of the distribution over the surface of the measured convective heat losses (W) and of the temperature of the air in the aperture plane for a series
of conditions as shown, spanning a series of two different curtain discharge angles (0° and 30°) and four different velocities of the air curtain (0, 4.5, 9 and 18 m/s).
The test conditions: uw = 6 m/s, T = 300° C, θ = 15° and α = 0°.
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losses from the lower part of the cavity.

3.3. Effect of the air curtain velocity relative to the wind speed

Fig. 5 presents the effectiveness as a function of the ratio of curtain
speed to the wind speed for a combination of uw = 3, 6 and 9 m/s and
uac = 4.5, 9 and 18 m/s for two different ranges of inverse Richardson
number and for ϕ = 30°. The results for ϕ = 0°, are not presented here
as the employment of the air curtain parallel to the aperture plane in-
creases the convective heat losses and, therefore, is potentially not a
case to be applied to cavity receivers. It can be seen that, for all of the
operating conditions analysed here, the results collapse onto two
straight lines. For 1/Ri < 10, the effectiveness is almost independent
of the curtain speed but decreases slightly (by 5%) with an increase in
uac/uw from 1.5 to 6. Hence a low velocity air curtain is effective at
reducing losses and the effectiveness is not very sensitive to the curtain
speed. On the other hand, for 1/Ri > 10 the effectiveness increases
linearly with uac/uw to a maximum for uac/uw = 3. This indicates that,
despite the complexity of the heat transfer between the cavity and the
ambient surrounds, it can be described by a relatively simple linear
relationship.

3.4. Non-dimensional heat transfer

Fig. 6 presents the variation of the Nusselt number (Eq. (8)) as a
function of the inverse Richardson number for all of the experimental
cases with an air curtain. It can be seen that Nu increases approximately
linearly with 1/Ri for all cases, consistent with previous understanding
that wind increases convective losses. It can also be seen that the trend
in the influence of curtain speed is opposite for the two cases. That is,
Nu increases with uac for ϕ= 0° but decreases with an increase in uac for
ϕ = 30°. This is consistent with the results presented above. Further-
more, Nu becomes independent from uac for high values of 1/Ri (forced-
convection dominant) for ϕ= 0°, while the opposite is true for ϕ= 30°,
where Nu becomes independent from uac at low values of 1/Ri (natural-
convection dominant). These results are significant in showing that the
performance of the air curtain is relatively robust for ϕ = 30°. In
contrast with ϕ = 0°, a higher velocity of the air curtain does not ad-
versely affect the performance of the air curtain.

3.5. Relationship between effectiveness and the deflection modulus

Fig. 7 displays the dependence of the effectiveness on the deflection
modulus for the experimental cases with a discharge angle of 30° and at
a yaw angle of α = 0°. As defined in Eq. (4), the deflection modulus is
the ratio between the momentum flux of the air curtain at the outlet
and the transversal forces acting on the height of the air curtain due to
the density difference and the wind momentum. The figure reveals that
in the range 0.01 < Dm < 0.5, a slight increase in Dm results in a
sharp increase in the effectiveness. However, for Dm > 0.9, an increase
of Dm leads to a minor change in the effectiveness values.

Since Dm, scales approximately with uac2 it is likely to be desirable to
select Dm values near to the elbow point. This is because further in-
creases in Dm above the elbow point will result in a relatively small
increase in ε for a large increase in uac. Furthermore, fan power scales
with uac3 and is likely also to increase the noise from the air curtain. A
cost-benefit analysis would be required on a case-by-case basis to
evaluate the optimal design point.

Fig. 8 compares the effectiveness as a function of Dm, for the current
study, with that from a previous numerical study of air curtains de-
signed for doorways of buildings (Costa et al., 2006). It can be seen that
the effectiveness of the air curtain is higher for buildings than for the
present cavity receiver, with a maximum value of ~0.90, while for the
same range of Dm, the effectiveness in the current cavity receiver is half
that at a maximum value of ~0.46. On the one hand, there are some
plausible reasons for these differences, while on the other, these

differences suggest that there is a lot of scope for further improvements
in effectiveness for the curtain with further optimisation of the design.
One key difference between the operating conditions in solar cavity
receivers and buildings is that the temperature difference across the air
curtain is many times higher. Secondly, the external wind speed acting
on the air curtain in the solar receiver is a crucial parameter that can be
disregarded in buildings. Finally, the shape of the two is different. It is
also worth noting that fixed values of both H/bac and air temperature
were used for the present air curtain. Therefore, further work is needed
to generalise the relationship between the effectiveness and deflection
modulus for independent variations of each controlling parameter.
Hence there are good reasons to expect that there is potential to in-
crease the effectiveness with further assessment of the controlling
parameters.

4. Conclusions

We have experimentally demonstrated, for the first time, that an air
curtain can be used to significantly reduce convective losses from a
cylindrical solar cavity receiver, albeit for only one configuration of tilt
angle relative to the horizontal and yaw angle relative to the wind. The
key findings are as follows:

1) That there is a trade-off between the potential of the curtain to in-
hibit convective losses by inhibiting the internal flows that tend to
drive hot fluid out from the cavity, and for its potential to increase
convective losses by augmenting mixing between the curtain and
the internal cavity flows. Therefore, it is necessary for the curtain to
be directed with a component flowing into the wind if heat losses
are to be mitigated, especially for the higher values of discharge
velocity of the air curtain.

2) Increasing the velocity of the air curtain from values below the
threshold increases the aerodynamic barrier across the aperture,
thereby decreasing the convection losses.

3) An increase in wind speed reduces the effectiveness of the air cur-
tain. The most effective case of reducing convection heat losses was
for the case with ϕ = 30° and uac = 18 m/s, corresponding to a
deflection modulus of 13 at the no wind condition (1/Ri = 0), for
which the effectiveness is found to be 60%. However for the higher
wind speeds where the forced convection losses are dominant, the
highest effectiveness of 0.33 was achieved at uac = 18 m/s
(Dm = 0.35), ϕ = 30° at uw = 6 m/s (1/Ri = 19.37).

Notwithstanding the potential benefits of a wind curtain, the extent

Fig. 5. Effect of the ratio of the air curtain to wind speed on the effectiveness of
the air curtain for two different ranges of reverse Richardson number. Test
conditions: α = 0°, ϕ = 30°, T = 300 °C.
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to which a global optimisation can be achieved is at present limited by
the relatively poor level of understanding both of the internal flow-field
under relevant conditions and of the interaction between the curtain
and the wind across the wide range of possible orientations. Hence
more detailed understanding of these complex interactions is needed to
devise solutions that can significantly mitigate convective losses in
practical devices.
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H I G H L I G H T S    

• Effectiveness of using air curtains for cavity receivers investigated both numerically and experimentally.  

• Effects of wind speed, extraction angle and suction velocity on effectiveness quantified.  

• Upward blowing curtain is more efficient than downward type for low wind speeds.  

• Suction performs better than blowing at high wind speed.  

• For tilted cavity receivers blowing air curtain increases the convective heat losses.  

A R T I C L E  I N F O   

Keywords: 
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Convective heat losses 

Control strategy 

A B S T R A C T   

This study compares two aerodynamic approaches to minimize convective losses from cavity receivers, namely 

blowing and suction. A laboratory-scale cavity receiver was operated in a large wind tunnel at varying wind 

speed and tilt angle. The inner surface of the cavity was heated to a constant temperature of 300 °C by finely 

controlled electrical heaters. The measured electric energy required to maintain the heaters at the same tem-

perature was used to provide a direct measure of losses from the receiver. An air curtain was engineered to 

provide curtain of air blown either downward or upwards across the aperture. Suction was alternatively applied 

through a nozzle positioned below the aperture for a series of suction flowrates. A numerical study was also 

conducted using a commercial CFD package and validated with available data. It was found that the upward 

blowing air curtain performs better than the downward curtain for the buoyancy dominant conditions. 

Moreover, the measured effectiveness of the downward blowing air curtain at tilt angle of the cavity of 45° 

showed that the application of air curtain with higher velocities increases the convective heat losses over the 

case with no air curtain. When comparing the performance of air curtain with air suction, it was found that for 

the low range of relative momentum ratio of curtain to wind flow, suction performs better than blown air. 

Finally, this study highlights the need for adaptable strategies, based on operating condition, to minimize heat 

losses and improve the thermal efficiency of cavity receivers.   

1. Introduction 

Concentrated solar thermal (CST) technology is increasingly pur-

sued owing to its potential capability of cost-competitive power and 

cater for high-temperature applications including industrial heat and 

power generation [1,2]. Though the heliostats constitute some 40–50% 

of the total capital cost of a power tower plant [3], the tower-type 

cavity receiver have a major effect on the performance of CST systems 

by absorbing the reflected sunlight and transforming light into heat 

with high efficiency [4]. The lower heat losses of cavity receivers 

compared with the external receiver [5], together with its higher 

operating temperatures are key motivations for the development of 

cavity receivers [6]. The overall efficiency of a CST system depends on 

the radiation absorption efficiency, the conversion of solar radiation 

into useful thermal energy and the transformation of the thermal en-

ergy into work [7]. The conversion efficiency depends upon the design 

parameters, the scale of the cavity receiver and the heat losses, namely 

convective, conductive and radiative losses. While analytical methods 

can be used to estimate conduction and radiation terms reasonably 

well, convective heat losses are the most difficult to predict owing to 

their complex dependence on multiple parameters including geometry 

(e.g. size, aperture ratio and inclination angle) and operating conditions 
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(e.g. temperature, wind speed and wind direction) [8]. Notwith-

standing their complexity, convective losses can be important, parti-

cularly at high wind speeds. For some conditions, convective heat losses 

can contribute to > 60% of heat losses from a cavity [9]. Hence, it is 

desirable to provide understanding as to how convective losses can be 

reduced cost-effectively to enhance the thermal efficiency of a CST 

system. Thus, this study aims to identify effective strategies to reduce 

convective heat losses from central tower solar cavity receivers. 

Among the recommended methods under development to reduce 

the convective heat losses from cavity receivers include the following: 

varying the geometry, heat recovery, the use of a window and air 

curtains [10], the latter method has received most attention recently  

[11–13]. Air curtains have been widely deployed to reduce not only the 

convective heat losses but also the exchange of mass and moisture in 

other applications such as industrial furnaces, buildings, food industry 

and mining industry [14–19]. The application of air curtain to solar 

cavity receivers has been proposed a few decades ago [20] as a po-

tential method to minimise the influences both of an external wind and 

of buoyancy without interfering with the incoming radiation. Since 

then, several numerical studies have investigated the influence of an air 

curtain speed and inclination angle on heat losses from solar cavities  

[12,13,21]. They found that an optimum jet-speed (air curtain speed) 

exists for each value of the jet discharge angle and inclination angle of 

the cavity and provided useful insights into the likely heat transfer 

mechanisms. However, the absence of experimental data on the effi-

ciency of an air curtain on a solar cavity receiver has limited the ca-

pacity to validate these models, and hence the confidence in their 

findings. Indeed, this lack of experimental data may be a contributing 

cause for the majority of previous numerical studies being undertaken 

for the case of no wind [12,13]. Furthermore, recent experimental 

evidence [22] have shown that air curtains can increase heat losses 

from some configurations under particular operating conditions. 

Therefore, there is a need for experimental assessment of the influence 

of the key operating conditions on the effectiveness of an air curtain, 

especially under windy conditions, and for a series of tilt angles of the 

cavity. 

There are many ways with which an air curtain could be configured 

at the front of a cavity aperture. However, little is known of their 

relative effectiveness and operating cost across the range of possible 

wind speed and wind direction conditions. The majority of previous 

studies have assessed the case in which air is blown downward from the 

upper side of the aperture [12,13,21]. However, in an isolated nu-

merical study, Yang et al. [23] assessed a case in which both blowing 

and suction were employed simultaneously from diametrically opposite 

directions across the cavity in either the upward or downward direc-

tions. They found that, although both directions can reduce convective 

heat losses, the upward blowing case yields better performance than the 

downward blowing air curtain case under similar operating conditions. 

However, there are only limited data available to date for the upward 

blowing case, so that further investigations are needed both to confirm 

this finding and to deepen understanding it. Furthermore, no experi-

mental comparison of relative effectiveness of upward and downward 

blowing air curtains without a suction mechanism on the opposite side 

of the aperture, or of the suction only strategy, has yet been reported. 

Given the aforementioned gaps, we aim in this study to assess, ex-

perimentally, the effectiveness of alternative configurations of air cur-

tain induced by either blowing or suction in reducing convective heat 

losses from solar cavity receivers. This has been carried out through a 

systematic experimental investigation of the influence of the para-

meters of wind speed, discharge angle and momentum flux of the 

aerodynamic barrier and cavity tilt angle, using a heated cavity receiver 

mounted in an open jet wind tunnel. Findings from a numerical in-

vestigation also have been used to provide a better understanding of the 

flow behaviour within the cavity for a variety of operating conditions. 

2. Methodology 

2.1. Experimental approach 

2.1.1. Experimental test rig 

A systematic experimental investigation was carried out with an 

electrically heated cylindrical cavity receiver in a large wind tunnel. 

Detailed experimental descriptions of the heated cavity were provided 

previously by Lee et al. [24], so that only an overview is presented here. 

The cavity had a length and internal diameter of 0.45 m and 0.3 m, 

respectively and an aperture of 0.10 m in diameter on the front face. 

Nomenclature  

A area (m2) 

b air curtain width (m) 

D diameter (m) 

g gravitational acceleration (m/s2) 

K heat transfer coefficient (W/m2 K) 

L length (m) 

M '' momentum flux (kg/ms2) 

M momentum (kg m/s2) 

P power (W) 

Q heat losses (W) 

T temperature (°C)
U velocity (m/s) 

Subscripts 

ambient 

B blowing 

0 control flow 

Ap aperture 

cav cavity 

H hydraulic 

S suction 

W wind 

Greek letters 

Α cavity yaw angle (°) 

thermal expansion coefficient (1/k) 

effectiveness 

θ cavity tilt angle (°) 

μ viscosity (kg/(m. s)) 

density (kg/m3) 

inclination angle of the aerodynamic barrier (°) 

Non-dimensional numbers 

Gr Grashof number, =Gr g T T D
μ

( )wall cav2 3

2

Re Reynolds number, =Re uD
μ

Ri Richardson number, = =Ri Gr
Re

g T T D
u

( )wall

w2 2

Abbreviations 

CST Concentrating Solar Thermal 

Conv convection 

LES Large Eddy Simulation 

Rad radiation 

RANS Reynolds-Averaged Navier-Stokes 

Cond conduction   
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The ratio of the projected area of the cavity to the 2.75 m × 2.19 m test 

section of the wind tunnel is adequately low (4.1%) to disregard any 

blockage effect. The cavity yaw angle relative to the wind was set to 0°. 

The cavity tilt angle which is defined as the angle of the normal di-

rection of the aperture plane to the horizontal plane was systematically 

varied between 0°, 30° and 45°. Four values of the average air speeds of 

wind tunnel were assessed, namely uw = 0, 3, 6 and 9 m/s. 

The internal surfaces of the cavity consisted of 16 copper plates, 

each attached to a heating element. Both upper and lower half of the 

cavity were covered with 6 annular heaters, each covering a 180° arc. 

The back plate of the cavity was also covered with 4 circumferential 

ring heaters. The external surfaces of the heaters were covered with an 

insulation mineral wool of 40 mm thickness. To avoid significant heat 

transfer between heaters, mica insulators were used between each 

plate. The system was also controlled to maintain the identical internal 

surface temperature of 300 °C by separately controlling the power 

supplied to each heater. The temperature of each copper plate, mea-

sured using K– type thermocouples, was assumed to be uniform con-

sidering the high thermal conductivity of the copper. The power con-

troller system employed Datataker DT85 to read the measured 

temperatures and transfer them to MATLAB and Simulink programs to 

transfer an output power signal using an Arduino to DMX (lighting) 

controller. The controlled power supplied to the heaters via the DMX 

controller was recorded at steady state conditions defined as being 

Fig. 1. A schematic diagram of (a) cavity with air suction nozzle (b) air suction nozzle (c) cavity and downward blowing air curtain and (d) cavity and upward 

blowing air curtain. 
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reached when both the variation of temperature of each heater is less 

than ± 0.5 °C in a 300 s period and that of the total heat supplied is less 

than ± 5% for cases where the total power is above 2 kW and ± 100 W 

for the cases where the total power is below 2 kW. 

2.1.2. Air injection system 

A purpose-designed air curtain was used to provide air flow from a 

rectangular slit of 2 mm width and 165 mm length as shown in Fig. 1 

following our previous work [22]. A compressor (Kaeser rotary screw 

SM9) was used to supply compressed air through a ½” size pipe to the 

air curtain inlet. The air curtain was attached to either the upper or 

lower sides of the aperture to provide either the downward or upward 

blowing air curtain configurations, respectively. The relative discharge 

angle of the curtain to the aperture plane was fixed at = 30°. The bulk 

mean exit velocity of air curtain of ub = 4.5, 9, and 18 m/s were as-

sessed, consistent with our previous study, together with a greater 

outlet velocity of 36 m/s to expand the range of air curtain velocities. 

These velocities were controlled using an Alicat Scientific mass flow 

controller, MCR-1000 SLPM. 

2.1.3. Air suction system 

The suction nozzle, which was alternatively used to withdraw air 

from one side of the aperture, had a width of 10 mm and a length of 

160 mm (Fig. 1). The mounting arrangement allowed the extraction 

angle to be varied between 0° to 30°. A vacuum cleaner (Vax Pet Pro 

Barrel Vacuum) with a power rating of 2400 W was adapted in this 

study to draw air through the nozzle. The velocity on in the axis of the 

suction line was measured with a heavy-duty Pitot tube anemometer 

(Extech HD350) assuming the flow is fully developed to find the flow 

rate. 

The performance of the control devices were compared both at the 

same value of nozzle power (supplied by the fan) and at the same value 

of momentum flux. The momentum flux compares the aerodynamic 

influence, while the nozzle power characterises the parasitic energy 

penalty of the control device. The power consumption of the air curtain 

at the nozzle was calculated using Eq. (1): 

=P A u1
2

,0 0 0 0
3

(1) 

where P is the power, 0 is the density of the air curtain flow, A0 is the 

area of the nozzle and u0 is the bulk-mean exit velocity of the air cur-

tain. To have equal power for the blown air curtain Pb and the suction 

case, Ps. Hence, for an outlet injection velocity of ub = 4.5, 9 and 18 m/s 

and = ×A 0.002 0.165mb
2, the suction velocity for the area of 

= ×A 0.01 0.16ms
2 is 2.63, 5.26 and 10.52 m/s, respectively. The 

maximum power required corresponds to the vacuum velocity of 

14.79 m/s. Fig. 1 illustrates a schematic diagram of the cavity where 

1(a) shows the suction configuration, 1(c) shows the upward blowing, 

and (d) shows the downward blowing air curtain used in the current 

study. 

2.1.4. Effectiveness and momentum rate calculation 

The total heat losses from each experimental case comprise the sum 

of the power to the 16 electric heaters. For the cases with an open 

aperture, this includes the total power required to compensate for the 

sum of the conduction (Qcond), convection (Q )conv and radiation (Q )rad
losses from the cavity, while, for the cases that aperture is closed, the 

total losses only include the conduction losses. The radiation losses that 

occur through the aperture of the cavity have a fourth-order depen-

dence on temperature. Thus, the convection heat losses were obtained 

by subtraction of conduction and radiation heat losses from total heat 

losses following earlier work [24]. 

= +Q Q Q Q( )conv total cond rad (2)  

The effectiveness ( ) of the aerodynamic barrier was derived from 

the measurements taken, at each condition, defined as: 

=
Q Q

Q
,conv n conv

conv n

, 0 ,0

, 0 (3) 

where Qconv,0 is the measured convection losses for the case with control 

flow and Qconv n, 0 is the convective heat losses for the equivalent con-

ditions but without a control flow Effectiveness of 1.0 means that 

convective heat losses are perfectly eliminated, the effectiveness of 0.0 

means that there is no change of the convective heat losses, while a 

negative value indicates that the convective heat losses have increased 

when compared with the reference case without an aerodynamic bar-

rier. 

The momentum of the wind flow at the aperture plane is calculated 

from Eq. (4): 

=M A uw ap w
2

(4) 

where is the density of the air, Aap is the aperture area. 

The momentum of the curtain flow is calculated similarly from Eq.  

(5): 

=M A u0 0 0
2

(5) 

where A0 is the nozzle inlet/outlet area. 

The momentum flux of wind flow M( )w'' and the curtain flow M( )''0
are obtained from dividing the momentum ratio by Aap and A0, re-

spectively. 

2.1.5. Main dimensionless numbers 

The following dimensionless numbers were used to provide insight 

and broaden the relevance to other conditions:  

(a) The Reynolds number of the air curtain at the exit plane, is the ratio 

of inertial forces to viscous forces, as follows. 

=Re u b
μ

,0
0

(6) 

where b is the width of the outlet gap of the air curtain (Fig. 2).  

(b) The Richardson number defined by Eq. (9), is the ratio of the 

Grashof number to the square of cavity Reynolds number [24–27]. 

It presents the flow shear term to the buoyancy terms within the 

cavity [28]. 

)b()a(

(c)

wind inlet

cavity
wind outlet

Ground
Wind tunnel wall

wind tunnel wall

External walls 

Internal walls

External walls 

Empty space 

Fig. 2. (a) Geometry of the cavity and domain, (b) Geometry of the cavity and 

the downward blowing air curtain (c) mesh structure of the domain and in-

ternal volume of the cavity. 
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=Gr g T T D( ) [24, 28],w cav
3

2 (7)  

=
×Re u D [24, 27],w cav

(8)  

= =Ri Gr
Re

g T T D
u

( ) ,wall cav

w
2 2

(9) 

where g is the gravitational acceleration and is the thermal expansion 

coefficient. 

The inverse Richardson number is being used to characterise the 

convective heat losses regime within the cavity. At no wind speed, 

where 1/Ri = 0, buoyancy forces play a key role in convective heat 

transfer. Hence, natural convection is dominant at no wind or low wind 

conditions. As the wind speed increases the inverse Richardson number 

increases, and the flow regime within the cavity transitions from 

buoyancy dominated (1/Ri  <  0.1) to a mixed regime (0.1  <  1/ 

Ri  <  10) and a momentum dominated regime (1/Ri  >  10) [9,24]. 

2.1.6. Experimental cases 

Table 1 presents the key experimental conditions investigated in the 

presented study, including the cavity orientation, the wind speed, 

aerodynamic barrier speed and the inclination angle. It is worth noting 

that the following parameters were fixed for all experimental cases: the 

wall temperature (Tcav = 300 °C), the yaw angle (α = 0°), the length- 

to-diameter cavity ratio (Lcav/Dcav = 1.5), and the aperture-to-cavity 

diameter ratio of (Dap/Dcav = 0.33), for the open aperture cases. 

2.1.7. Uncertainty 

The estimated uncertainty of the velocity of the blown air of the air 

curtain driven from the accuracy of the flowmeter is ± 0.4% while the 

standard deviation of the velocity across the air curtain gap is 2%. The 

uncertainty of the air suction velocity driven from the accuracy of the 

flowmeter is ± 0.6%. The variation of the measured velocity on the axis 

of suction airway contributes to 1.83% uncertainty of the velocity 

measurements. Therefore, the uncertainty in bulk mean exit velocity of 

the air curtain is ± 3.66%. The average wind speed was measured by 

point measurements of wind speed at the test section with a standard 

deviation of 0.11 m/s. It should be noted that the wind speed mea-

surements were performed at the beginning of each experiment with a 

certain wind speed. Therefore, the variation of wind speed during the 

test due to the variation of the air temperature (± 2 °C) of the wind 

tunnel has not been considered. Hence, the uncertainty in the calcula-

tion of inverse Richardson number is 1.02%. The maximum uncertainty 

of the heat losses contributed from each heater, including that of the 

thermocouples and control devices, is 3.1% (±25 W) of the maximum 

power. 

2.2. Numerical approach 

A 3-D computational fluid dynamics (CFD) model was developed 

using the commercial software ANSYS CFX 2020 R1 to provide addi-

tional understanding of the flow behaviour within the cavity and the 

interaction of the external flows of wind and aerodynamic barriers, 

utilising the Reynolds-Averaged Navier-Stokes (RANS) method. The 

modeled geometry was simplified relative to the experimental receiver 

as illustrated in Fig. 2(a). The cavity was positioned in the middle of the 

computational domain with a length of 20 times the diameter of the 

cavity to match the unconfined flow condition of the tunnel, following 

previous studies [29]. ANSYS/Meshing 2020 R1 was used to generate a 

non-uniform unstructured grid using the sweep method and a first layer 

thickness inflation over the walls (with an inflation factor of 1.2) to 

generate a higher mesh density inside the cavity compared to the en-

closure domain (Fig. 2c). A mesh of approximately 5 × 106 elements 

was used for all the cases tested. The suitability of the mesh was 

checked by mesh independence and mesh quality test. The quality of 

the mesh was checked for skewness, aspect ratio orthogonality and 

expansion factor, according to Tian et al. [30]. Mesh independence was 

checked on a coarser mesh (2.5 × 106) and a denser mesh (9 × 106). 

Air was chosen as the working fluid (ideal gas, with the full “Buoyant” 

model). Radiation was not included in the model because the experi-

mental data highlighted that, for the operating conditions chosen, it 

only accounts for < 5% of the total heat losses. Both Large Eddy Si-

mulation (LES) and Reynolds Averaged Navier Stokes (RANS) models 

have been used in previous studies to predict flow features from air 

curtains [12,16,31,32]. In a study by Moureh and Yataghene [31] it is 

concluded that LES performs better than RANS models to predict the 

flow behavior. However, considering the high computational cost as-

sociated with LES and the ‘sufficient accuracy’ of k-ε turbulence closure 

model for the purposes of this work, it was selected for our study. This 

follows many successful previous studies using k-ε for similar flows. All 

the equations were discretised using a high resolution method. The 

convergence criterion for all cases was set to be 1 × 10−5 (r.m.s), also 

employing the total heat flux from the walls as monitoring point for 

convergence. A computer with Intel Core i7-6700 processor and an 

available RAM of 16.0 GB was used for all the calculations for an 

average of 20 h CPU-time to achieve the desired convergence. 

The convective heat losses from the cavity were calculated from the 

experimental data by subtracting the measured heat conduction 

through the walls and radiation through the aperture from the total 

measured heat losses. The deduced convective heat losses were then 

used for model validation. Therefore, the thermal radiation from walls 

and conduction between internal and external walls were not included 

in our model. Hence, the external walls of the cavity were set as adia-

batic walls. Based on this, the heat flux from the internal cavity walls, at 

a fixed temperature, would correspond to the convective heat losses 

from inside the cavity. Table 2 presents the boundary conditions used 

for the numerical simulation. 

2.2.1. Model validation 

The CFD model was compared with the available experimental re-

sults to provide confidence in the predicted trends and insights into the 

likely mechanisms. Comparisons of the measured and predicted values 

of heat transfer coefficient were made at sixteen positions of the cavity.  

Fig. 3 illustrates schematically the different sections of the cavity. The 

total convective heat losses and the distribution of losses from the 

different sections of the cavity were used to assess the validity of the 

numerical modeling, for all the cases. Table 3 presents the measured 

absolute values of convective heat losses from the different sections and 

corresponding calculated losses from the CFD modelling for each 

Table 1 

List of experimental conditions.       

Wind speed uw [m/ 

s] 

Cavity Tilt angle θ 

[°] 

Type and orientation of the aerodynamic 

barrier 

Aerodynamic barrier velocity, (u0) 

[m/s] 

Discharge/drawing angle of aerodynamic 

barrier [°]  

0, 3, 6, 9 0 Blowing, upward 0, 4.5, 9, 18, 36 30° 

0, 3, 6, 9 0 Blowing, downward 4.5, 9, 18, 36 30° 

0, 3, 6, 9 0 Suction 2.63, 5.26, 10.52, 14.79 0°, 15°, 30° 

0, 3, 6, 9 30 Blowing, downward 0, 4.5, 9, 18, 36 30° 

0, 3, 6, 9 45 Blowing, downward 0, 4.5, 9, 18, 36 30° 
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section, for the case featuring wind speed 0 m/s, tilt 0° with no air 

curtain case. The table also reports the percentage of the losses obtained 

from experimental and numerical methods, for the same case. Similarly,  

Fig. 4 presents the comparison of the measured relative convective heat 

loss distribution from the different sections of the cavity with those 

calculated from CFD, for the same case. It can be seen that the CFD 

predictions agree with the measured heat losses to within 0.3% for the 

total values and to within 7.6% maximum difference in some individual 

sections. The availability of convection heat transfer coefficient at 16 

points inside the cavity also enabled heat flux profile to be compared. 

Worth noting is that Nusselt number is directly correlated with the flow 

velocity and its interaction with inner surface of the cavity. The 

agreement shows in the figures below, both globally and locally, are 

deemed to be sufficient to utilize the CFD results to provide insight into 

the effect of controlling parameters on mechanisms driving the heat 

transfer within the device. 

3. Results and discussion 

3.1. Effectiveness of air suction system 

Fig. 5 presents the measured values of the effectiveness of the 

aerodynamic barrier (Eq. (3)), (%) for a series of the velocity of the air 

suction (u0 = 2.63, 5.26, 10.52, 14.79 m/s) for uw = 0, 3, 6 and 9 m/s 

and three extraction angles of = 0°, 15°, and 30° at cavity tilt angle of 

0°. The results show that the application of suction at the vicinity of the 

aperture, especially for lower wind speeds, leads to a significant re-

duction in convective heat losses achieving effectiveness of 83%. From 

the literature [33] it is known that, for the buoyancy-driven case with a 

wind speed of 0 m/s, the hot gases exits the cavity through the upper 

side of the aperture while the cold air flows into the cavity from the 

lower part of the aperture. This interaction of the fluids inside and 

outside the cavity causes recirculation of the air in the lower part of the 

cavity (the convective zone) while the hot gases are stranded in the 

upper part of the cavity in the stagnation zone. Fig. 6 presents the 

measured convective heat losses from different sections of the cavity for 

the cases with air suction (Qconv,0) relative to that of the no air suction 

case (Qconv,n-0) for uw = 0 m/s. It is clear from the figure that heat 

losses in the lower front section (LF), which contribute the most to the 

total heat losses, decrease significantly for the cases with a suction flow 

across the aperture. Table 4 presents the heat loss reduction from each 

section of the cavity related to a total reduction in each case. The table 

shows that 52% of the reduction in convective heat losses occurs in the 

lower front section (LF) of the cavity at u0 = 14.79 m/s. This implies 

that air suction from the lower side of the aperture inhibits the cold air 

from entering the cavity. As a consequence, the losses from the cavity 

decrease not only in the lower part, but also in all other sections due to 

the inhibiting of the large eddy within the cavity. As depicted in Fig. 5, 

for the wind speeds of 0 and 3 m/s, at a tilt angle of =0°, increasing the 

velocity of the extracted flow through the suction nozzle increases the 

effectiveness significantly. In particular, increasing the suction velocity 

from 2.63 to 14.79 m/s causes a 77% increase in the effectiveness for no 

wind condition and suction angle of = 0°. However, for higher wind 

speeds of uw = 9 m/s, increasing the drawing velocity from 2.63 m/s to 

14.79 m/s, slightly changes the effectiveness by around 4%. Fig. 5 also 

illustrates the effect of the suction angle on the effectiveness. As it can 

be seen, for conditions of both higher suction power and lower wind 

speeds, the suction angle has a slight influence on the effectiveness. 

However, for the higher wind speeds, the air suction flow parallel to the 

aperture plane has a better performance. 

Fig. 7 presents the calculated temperature contours and velocity 

vectors at the center plane of the cavity (X = 0), for suction velocities 

cases of 0.0, 2.63, 5.26 and 10.52 m/s, at wind speed of 3 m/s. It can be 

seen that, for the case without an aerodynamic barrier, cold air enters 

the cavity from the lower side of the aperture while hot gasses leave 

from the upper side of the aperture. The use of the air suction with a 

low drawing speed partially inhibits cold air from entering the cavity. 

As the suction drawing velocity increases, penetration of cold air into 

the cavity decreases and, as a result, the low temperature zone within 

the cavity shrinks. To compare the effectiveness of the aerodynamic 

barrier, the stagnation zone inside the cavity is defined as the integrated 

internal volume of the cavity featuring air temperature higher than 

227 °C. It can be seen that the calculated volume of the stagnation zone 

volume inside the cavity indicates an increase from ×3.1 10 m3 3 for no 

suction case to ×9.9 10 3, ×17.7 10 3 and ×18.2 10 m3 3 for u0 = 2.63, 

5.26 and 10.52 m/s, respectively. 

The velocity vectors in the mid-plane of the cavity illustrate the 

interactions between the flows inside and outside the cavity. The 

Table 2 

Boundary conditions used for the numerical modelling.    

Boundary Condition  

Cavity external walls Adiabatic wall at initial temperature of 25 °C 

Domain walls Wind inlet – Normal direction and uniform speed 

Wind outlet – Opening with relative pressure of 0 Pa 

Ground – No-slip wall 

Sidewalls – Opening with relative pressure of 0 Pa 

Cavity internal walls No-slip wall – fixed temperature at 300 °C 

Air curtain- blowing Inlet uniform velocity 

Air suction Outlet uniform velocity 

Fig. 3. Sketch of the terminology used to label the 16 measurements of heat 

transfer in the cavity. UF: Upper front, UR: Upper rear, LR: Lower rear, LF: 

Lower rear, BP: Back plate. 

Table 3 

Absolute and relative heat losses from different sections of the cavity under no wind condition obtained from experimental measurements and calculation of 

numerical modelling for no air curtain case at a tilt angle of 0°.                      

Cavity sections 

UR UF LR LF BP Total 

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 4  

Experiment Absolute (W) 2.9 4.1 3.4 3 4.6 1 16.4 24.1 24.1 30.2 60 47.9 0.5 5.1 4 2.9 234.2 

Relative (%) 1.2 1.7 1.5 1.3 2 0.4 7 10.2 10.3 12.8 25.8 20.4 0.2 2.2 1.7 1.2 100  

CFD Absolute (W) 7.3 8.5 9 5 6.1 3.1 16 20 20 27 40 36 1.9 5.4 8.5 5.5 219.2 

Relative (%) 3.3 3.9 4.1 2.3 2.8 1.4 7.3 9.1 9.1 12.3 18.2 16.4 0.9 2.5 3.9 2.5 100 
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application of the suction results in a lower velocity of the flow through 

the aperture plane, and causes a reduction in the external cold air flow 

velocity into the cavity. Accordingly, the hot air zone inside the cavity 

expands and this results in less convective heat losses, hence the ef-

fectiveness of the aerodynamic barrier increases. It should be noted that 

a further increase in the extraction velocity has the potential to draw air 

from inside the cavity into the suction nozzle and therefore increase 

rather than decrease the convective heat losses. 

3.2. Effect of blowing versus suction 

Fig. 8 presents the measured values (%) as a function of nozzle 

power for blowing and suction and for various wind speeds at a cavity 

tilt angle of 0°. The results show that for an equal fan power con-

sumption at lower wind speeds (uw = 0 and 3 m/s), where 1/Ri  <  10, 

the air blowing curtain yields better performance for the lower fan 

power consumption. For high power cases, the results shows that 

sucking air yields higher effectiveness than blown air with an exception 

of the wind speed of 6 m/s. The discrepancy in the effectiveness at 

uw = 6 m/s is not well understood and is likely to be related to un-

certainty in the experimental data. The results for higher wind speeds 

(uw = 6 and 9 m/s) where 1/Ri  >  10 show that overall the suction 

flow has a better performance than the blowing type. This implies that 

for the same operating condition of the cavity at a tilt angle of 0°, higher 

thermal efficiency can be achieved through lower fan power for an air 

suction system rather than air blowing curtain. 

Fig. 9 presents the computed temperature contours and velocity 

vectors at the mid-plane of the cavity for the same conditions of the 

aerodynamic barrier of suction and downward blowing air curtain for 

wind speed of uw = 3 m/s and power consumption of ×139 10 W3 . The 

results show that the volume of the stagnation zone for the suction case 

is ×17.7 10 m3 3 while for downward blowing air curtain with the same 

power consumption, the volume is ×11.7 10 m3 3 (a reduction of 34%). 

Therefore, the larger zone with higher air temperature within the cavity 

shows that the convective heat losses in the suction case are less than 

those for the downward blowing air curtain. The main difference be-

tween the two cases can be understood by observing the calculated flow 

behaviour at the aperture plane. For the suction case, air extraction 

inhibits the cold air from entering the cavity while blowing, through the 

air curtain inhibits hot air from escaping through the upper side of the 

aperture. However, the air curtain also generates flow recirculation in 

the lower region of the cavity which induces external cold air to enter 

the cavity. This can be seen in Fig. 9d, as a high velocity zone in the 

lower part of the cavity at the vicinity of the aperture. The ingress of 

cold air flow, with high velocity, induced by the air curtain leads to a 

different type of convective heat losses. That is, it generates these two 

competing effects which make control challenging. 

Fig. 10 presents the measured values of for two cases of downward 

Fig. 4. Comparison of modelled and measured convective heat loss from different sections of the cavity relative to the total convective heat losses from cavity at 

uw = 0 m/s, no air curtain and = 0° (UF: Upper front, UR: Upper rear, LR: Lower rear, LF: Lower front, BP: Back plate). 

Fig. 5. Measured values of effectiveness (Eq. (3)), %, as a function of velocity of the air suction u0 = 2.63, 5.26, 10.52 and 14.79 m/s, for uw = 0, 3, 6 and 9 m/s, 

and a suction angle of = 0°, 15° and 30°. Test conditions: α = 0°, T = 300 °C, θ = 0°. 
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blown air curtain and air suction as a function of the momentum ratio 

of the curtain flow relative to that of the wind (M M/ w0 ) using a loga-

rithmic scale for two ranges of 1/Ri  <  10 and 1/Ri  >  10, at =0°, 

= 0° and =T 300cav °C. It is clear from the figure that increases 

logarithmically with M M/ w0 for both cases of air suction and blowing. 

This first order collapse of the data shows that the momentum ratio has 

a first order influence on effectiveness. It can also be seen that it is 

possible to reach an effectiveness of order of 50%, but only for regime 

in which buoyancy is significant, 1/Ri  <  10. 

The figure also shows that, for an equivalent value of the 

momentum ratio, a suction flow typically has a higher effectiveness 

than a blown flow for 1/Ri  >  10 but has a lower effectiveness for 1/ 

Ri  <  10. In contrast to the air suction cases, some conditions of 

blowing at relatively low momentum ratio result in a negative effec-

tiveness, for which the convective heat losses are increased relative to 

the case with no control. Under these conditions, the flow from the 

curtain augments the circulation of external flow into the cavity. 

Nevertheless, since these conditions occur in the regime where effec-

tiveness is relatively low anyway, it should be possible to avoid this 

regime. 

From the figure, it also is apparent that, for both blowing and 

sucking, inverse Richardson number has a significant influence on the 

effectiveness. That is, a useful value of effectiveness is only achieved in 

regime where buoyancy is significant (1/Ri  <  10). In contrast, the 

maximum effectiveness achieved in the momentum dominated regime 

(1/Ri  >  10), of the order 10%. This suggests that it may be difficult for 

air curtains to be effective in windy environments. 

3.3. Effect of blowing air orientation 

The variation of air curtain effectiveness with the inverse 

Fig. 6. (a) Measured relative convective heat 

losses (Qconv,0/ Qconv,n-0) from different sections of 

the cavity for u0 = of 0, 2.63, 5.26, 10.52 and 

14.79 m/s, to the similar cases with no suction 

case at a wind speed of 0 m/s. Test conditions: 

α = 0°, T = 300 °C, θ = 0°. (b) Different section 

of the cavity (UR: Upper rear, UF: Upper front, LR: 

Lower rear, LF: Lower front, BP: Back plate). 

Table 4 

Measured percentage of the reduction of convective heat losses from each 

section of the cavity relative to the total reduction compared with the 

equivalent case with no suction.        

u0 [m/s] Upper Rear Upper Front Lower Rear Lower Front Back Plate  

2.63 19 26 27 −24 52 

5.26 12 14 44 −4 35 

10.52 5 5 28 46 16 

14.79 5 5 26 52 13 

Fig. 7. (a–d) Temperature contours (e–h) velocity vectors and (i–l) iso-volume of the cavity with temperature higher than 227 °C in the mid-plane of the cavity 

obtained by numerical calculation for the conditions of no suction, u0 = 2.63, 5.26 and 10.52 m/s in the first to fourth columns from left to right. Test conditions: 

α = 0°, T = 300 °C, θ = 0°. 
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Richardson number (1/Ri = 0, 4.8, 19.37 and 43 corresponding to 

uw = 0, 3, 6 and 9 m/s) for two orientation of upward and downward 

blowing curtain, u0 = 4.5, 9, 18 and 36 m/s and a tilt angle of θ = 0° is 

presented at Fig. 11. The figure shows that for the low values of 1/Ri, an 

upward blowing air curtain has a better performance than a downward 

blowing type for the equivalent experimental condition. However, the 

difference becomes negligible for the highest inverse Richardson 

number. This is consistent with the curtain direction being important in 

the buoyancy-dominated regime but not in the inertia-dominated 

regime. 

It can also be seen that the difference between the effectiveness of 

two orientations is more significant for lower wind speeds. For ex-

ample, the upward blowing is more effective than the downward 

blowing by 47% for 1/Ri = 0 and a curtain velocity of 9 m/s. However, 

the upward orientation is 4% worse for 1/Ri = 43 with a curtain ve-

locity of up to 36 m/s. This provides additional evidence that the 

Fig. 8. Values of measured effectiveness, (%), as a function of power required to be supplied by a fan for two different aerodynamic barrier mechanisms of blowing 

and suction, for wind speeds of uw = 0, 3, 6 and 9 m/s. Test conditions: α = 0°, T = 300 °C, θ = 0°, = 30°. 

Fig. 9. Computed temperature contours (a–b) and 

velocity vectors (c–d) in the mid-plane of the 

cavity for the conditions of suction velocity of 

u0 = 5.26 m/s (a, c) and downward air curtain 

velocity of u0 = 9 m/s (b, d), corresponding to a 

fan power of 139 × 10−3 W, at wind speed of 

3 m/s. Test conditions: α = 0°, T = 300 °C, 

θ = 0°. 

Fig. 10. Measured values of effectiveness, (%), as a function of momentum ratio of control flow (suction and blowing) relative to the momentum ratio of wind flow 

for 1/Ri  <  10 and 1/Ri  >  10. Test conditions: = 30°, α = 0°, T = 300 °C, θ = 0°. (Note that the horizontal axis is plotted on a logarithmic scale.) 
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orientation of the air curtain is only important for the buoyancy 

dominated regime (1/Ri  <  10). This is also consistent with the pre-

vious work of [22], which shows that the most losses occur from the 

front lower part of the cavity for no air curtain cases. Hence, the up-

ward blowing air curtain is more effective in inhibiting the heat losses 

from the lower part of the aperture. As 1/Ri is increased, the forced 

convective heat losses dominate and this results in the independence of 

the effectiveness of air curtain from its orientation. Hence, overall it is 

more effective to apply an upward blowing air curtain than a down-

ward directed one, but only when buoyancy is significant. 

Fig. 11 also shows that, for a no wind condition, as the velocity of 

the air curtain increases from 18 to 36 m/s in either direction the ef-

fectiveness of the curtain reduces. That is, increasing the velocity of the 

air curtain above its optimum value can reduce the performance of 

convective losses and increase the mixing of the curtain flow with the 

hot air in the cavity. Therefore, to maximise the effectiveness of the air 

curtain it is desirable to control the speed of air curtain relative to the 

wind. 

Further insight into the causes of the differences between the two 

orientations of the air curtain can be obtained from the CFD results.  

Fig. 12 presents the computed temperature contours and velocity vec-

tors at the mid-plane of the cavity for upward blowing and downward 

blowing air curtain with curtain velocity of 9 m/s and a wind speed of 

3 m/s where 1/Ri = 4.8 and both buoyancy and inertia forces are 

significant. It can be seen that the upward blowing curtain inhibits the 

cold air from entering the cavity. However, the curtain deflection 

downstream from the exit results in the mixing of the blown flow with 

hot air within the upper region of the cavity, seen in Fig. 12.c as high 

velocity region at the upper side of the cavity in the proximity of the 

aperture. For the downward blown air curtain, despite some inhibiting 

of the hot air from leaving the cavity through the upper side of the 

aperture, the deflection augments the mixing of the curtain with cold 

air through the lower side of the aperture. As can be seen in Fig. 12d, 

this augments the extent of air recirculation in the lower zone of the 

cavity. The comparison of the temperature contours in the mid-plane of 

the cavity suggests that the lower part of the cavity is at a higher 

temperature for the upward blown air curtain than the downward 

blown one. The size of the stagnation zone is 48% of the internal vo-

lume of the cavity for upward blown case and only 36% for the 

downward blown case. 

3.4. Effect of cavity tilt angle 

Fig. 13 presents measured values of the effectiveness (Eq. (3)) of the 

downward blown air curtain with a discharge angle of = 30°, and for 

four values of cavity Reynolds number and 1/Ri as a function of tilt 

angle. It should be noted that Richardson number here changes by 

variation of the wind speed only which results in changing of the 

Reynolds number of the cavity as well. It can be seen that, for all values 

of 1/Ri (Recav), decreases as the tilt angle is increased from 0° to 45°, 

especially for higher values of u0. For cases with 1/Ri  >  10, where the 

forced convection dominates heat losses, application of the air curtain 

increases the convective heat losses to 1.83 times of that for no air 

curtain cases. This suggests that for the cavities with a tilt angle of 45°, 

the application of blown air curtain is not beneficial in reducing con-

vective heat losses. As the tilt angle of the cavity is increased to = 45°, 

Fig. 11. Variation of measured values of effectiveness, (%), with inverse Richardson number (1/Ri = 0, 4.8, 19.37 and 43) for the velocity of the air curtain of 

u0 = 4.5, 9, 18 and 36 m/s, for two upward and downward blowing air curtains. Test conditions: = 30°, α = 0°, T = 300 °C, θ = 0°. 

Fig. 12. Computed temperature contours (a–b) and velocity vectors (c–d) in the mid-plane of the cavity for the conditions of downward and upward blowing for 

u0 = 9 m/s and at wind speed of 3 m/s (1/Ri = 4.8). Test conditions: α = 0°, T = 300 °C, θ = 0°. 
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for the buoyancy dominated regimes, the size of the stagnation zone 

increases [34]. This has two consequences, first is that the convective 

heat losses reduce and second is that the stagnation zone becomes more 

sensitive to any disturbances in the vicinity of the aperture. This is 

because the size of the stagnation zone depends on the tilt angle of the 

cavity. The variation of with the tilt angle of the cavity indicates that 

both the relative angle of the air curtain to the aperture plane ( ) and 

that of the curtain flow to the wind are important. 

The figure also shows that for the turbulent regime of the cavity 

flow (Recav  >  4000), as can be seen in Fig. 13(b)–(d), and for the 

variety of tilt angles the variation of is more dependent on convection 

flow regime than turbulent flow regime. So that for the transition 

convection regime (Fig. 13b), where the flow is turbulent, the effec-

tiveness of order 25–50% is achievable for the horizontal cavity, while 

for the same turbulent flow regime illustrated in Fig. 13(c) and (d) 

lower values of effectiveness is measured. This highlights the im-

portance of convective flow regimes on the effectiveness of air curtain 

so that the highest values of effectiveness is achieved for the buoyancy 

dominant flow. 

Fig. 13. Measured values of effectiveness (Eq. (3)), %, as a function inverse Richardson number for u0 = 4.5, 9, 18 and 36 m/s and for tilt angles of 0°, 30° and 45°. 

Test conditions: = 30°, α = 0°, T = 300 °C. 

Fig. 14. Measured values of effectiveness, (%), as a function of momentum flux ratio of downward blowing air curtain to the wind flow for different ranges of 

Reynolds number Re0  <  1000, 1000  <  Re0  <  2000 and Re0  >  2000. Test conditions: = 30°, α = 0°, T = 300 °C, θ = 0°. 
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3.5. Effect of curtain flow regime 

Fig. 14 displays the measured effectiveness (%) of the downward 

blown air curtain with a discharge angle of = 30°, as a function of the 

momentum flux ratio for different ranges of the Reynolds number of the 

air curtain (These momentum fluxes have been only changed through 

the velocity of the air curtain and wind speed, noting that the jet mo-

mentum also depends on density of the air curtain (i.e. the air curtain 

temperature) and the width of the curtain nozzle). The discharged 

airflow from the air curtain nozzle is not confined for a distance of 50 

times that of the jet width from nozzle exit, and hence can be con-

sidered as a free jet [35,36]. It should be acknowledged that the lateral 

external wind flow and the buoyancy forces induced by the hot gases 

within the cavity affect the nozzle flow. The effect of external wind flow 

was investigated previously by changing the wind speed for the same 

operating condition of the air curtain including the velocity, discharge 

angle and nozzle exit area. This section aims to evaluate the effect of 

both the initial condition of the jet, at the nozzle exit, and the resulting 

Richardson number in the cavity. It can be seen that mostly increases 

with the momentum flux ratio and that its function depends on curtain 

flow regimes. For air curtain velocities in the Re0  <  1000, the varia-

tion of exhibits a downward trend with the increase in momentum 

flux ratio corresponding to M M/ w0
'' '' <  0.5. While for higher M M/ w0

'' '' the 

effectiveness increases with the momentum ratio. An air curtain in the 

range of Re0  <  1000 in the vicinity of the aperture appears to partially 

inhibit the interaction of the flows inside and outside the cavity. 

However, the momentum of the air curtain is not adequate to establish 

a significant fluidic barrier across the aperture so that the maximum 

effectiveness is limited to 20%. It also can be seen that for higher values 

of curtain Reynolds number, increases as the relative momentum flux 

increases. This can be interpreted as that the increase in the curtain 

momentum flux results in the augmentation of the curtain flow ability 

to inhibit the interaction of flows inside and outside the cavity while the 

wind flow cannot penetrate the curtain flow. 

The figure also presents the same data categorised by inverse 

Richardson number. The results show that although the Reynolds 

number of the air curtain impacts the effectiveness, the impact of the 1/ 

Ri is more significant. So that at 1/Ri = 43, the effectiveness for all 

three ranges of Re0 is low. Although the data does not suggest an 

equation with high R-square value, it generally suggests that the max-

imum effectiveness is achieved for the low 1/Ri and high Re0. 

4. Conclusions 

The effectiveness of two different strategies of reducing the con-

vective heat losses by means of air curtain (air blown and suction) across 

the aperture of a cylindrical solar cavity receiver have been assessed 

experimentally and numerically. The key findings are as follows:  

(1) The application of the blown air curtain for a downward tilted 

cavity ( = 45°), was shown to be ineffective in mitigating heat 

losses, and it even increased the convective heat losses, relative to 

the no air curtain case, for higher velocity of the air curtain;  

(2) The effectiveness of both blowing and sucking, for horizontal 

cavity, decreases with the inverse Richardson number, so that ei-

ther can be reasonably effective in the buoyancy dominated regime, 

but neither is very effective in the momentum dominant regime.  

(3) For the cases assessed here, the effectiveness of applying a low 

amount of momentum at the aperture plane, for the momentum 

dominated regime, via suction is typically more effective at redu-

cing convective heat losses than by blowing;  

(4) For the same nozzle power required to be supplied by fan, the 

downward blown air curtain featured a better performance than air 

suction at lower wind speeds and low fan power consumption. 

However, at higher power consumption suction has a better per-

formance; 

(5) The upward blowing curtain was found to provide better perfor-

mance than the downward blowing air curtain in the buoyancy 

dominated regime. Hence, for zero wind speed, the upward blowing 

air curtain was found to perform 47% better than the downward 

blowing one. However, the difference is negligible in the mo-

mentum-dominate regime; 
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An adaptive aerodynamic approach to mitigate convective losses from solar cavity 1 
receivers  2 

Elham Alipourtarzanagh1, Alfonso Chinnici, Graham J. Nathan and Bassam B. Dally 3 
 4 
Centre for Energy Technology, School of Mechanical Engineering, the University of 5 

Adelaide, Adelaide, South Australia 5005, Australia 6 

Abstract 7 
We explore the potential for adaptive air barriers to mitigate convective heat losses 8 

from cavity receivers, especially at large tilt angles, using both suction and blowing nozzles. A 9 
heated scaled-down cylindrical cavity receiver was fitted with nozzles on four sides of the 10 
aperture, at 30° to the aperture plane. The tilted cavity receiver is mounted in a large wind 11 
tunnel to allow systematic variation of wind speed and direction. The effectiveness of different 12 
nozzle arrangements was calculated from the measured convective heat losses for a series of 13 
different mitigation strategies. The results reveal that a suction nozzle mounted at the bottom 14 
of the aperture is more effective than a blowing nozzle mounted at the top of aperture, for tilt 15 
angles of = 45°, and under different wind speeds. The effectiveness ranged from 0 at low 16 
suction flow rate to ~80% at high suction flow rate. With the use of three suction nozzles, at 17 
the bottom and both sides of aperture, the effectiveness decreased markedly for both tilt angles 18 
and all wind speeds. For more challenging conditions of a 45° tilt angle and 45° yaw angle, the 19 
most effective approach is the use of suction through nozzles aligned diametrically opposite to 20 
the wind, while other nozzle combinations were ineffective in mitigating losses. Finally, the 21 
results highlight the need to apply an adaptive aerodynamic strategy that can respond to 22 
measured changes in the environmental conditions to achieve the highest thermal efficiency.  23 

Nomenclature:  24 

A  area (m2) 25 

D diameter (m) 26 

g  gravitational acceleration (m/s2) 27 

L  length (m) 28 ̇   momentum (kg m/s2) 29 

 momentum flux (kg/ms2) 30 

Q  heat losses (W) 31 

T  temperature (℃) 32 

u velocity (m/s) 33 ̇  flow rate (m3/s) 34 

Greek Letters 35 

                                                           
1 Corresponding Author: Elham.alipour@adelaide.edu.au 

α yaw angle of the cavity (°) 36 

  thermal expansion coefficient (1/K) 37 

 effectiveness 38 

θ tilt angle of the cavity (°) 39 

 viscosity (kg/(m. s)) 40 

 density (kg/m3) 41 

 inclination angle of the aerodynamic 42 
barrier (°) 43 

Non-Dimensional Numbers 44 

 Grashof number, =45 ( )  46 
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Re Reynolds number, =  1 

Ri Richardson number, = =2 ( )  3 

Subscripts  4 ∞ ambient 5 

ap aperture  6 

b blown air curtain 7 

c  control flow  8 

 9 

cav cavity 10 

ref reference 11 

s suction air curtain 12 

w wind 13 

Abbreviations  14 

cond conduction 15 

conv convection 16 

CSP Concentrating Solar Power 17 

CST Concentrating Solar Thermal 18 

rad radiation  19 

1. Introduction 20 
Concentrated Solar Thermal (CST) technologies use reflectors to concentrate sunlight 21 

into receivers to absorb solar energy and convert it to thermal energy. This thermal energy can 22 
be used for a variety of engineering processes such as power generation, termed Concentrated 23 
Solar Power (CSP), or for direct uses such as direct use of the steam for enhanced oil recovery 24 
(Bellan et al., 2019; Pitz-Paal, 2014). There is growing interest in tower-mounted receivers , 25 
which now comprise 10% of the CSP market and have reached 30% of the plants under 26 
construction (Okoroigwe and Madhlopa, 2016). The main advantages of solar tower systems 27 
are their high thermal efficiency (more than 60%) and high operating temperatures, which are 28 
not dissimilar to conventional power plants (Hoffschmidt et al., 2012). The efficiency of the 29 
total power plant is predominantly correlated with the performance of the central receiver 30 
(Breeze, 2016), making it crucially important to maximize its thermal efficiency by minimising 31 
the heat losses from the receiver. There are two main types of solar tower receivers, i.e. cavity 32 
receivers and external receivers. The external receivers are used with surrounding heliostat 33 
fields and can therefore collect more energy per unit of distance from the tower, which enables 34 
greater thermal input and economies of scale (Hassan, 2016; Rodriguez-Sanchez et al., 2015). 35 
Cavity receivers for solar towers have a complementary advantage over external receivers in 36 
their capacity to achieve higher temperatures due to reduced radiative losses (Vant-Hull, 2012), 37 
although they result in lower optical efficiency of the field and lower thermal input per tower. 38 
Furthermore, whilst radiative losses tend to dominate at high temperatures, nevertheless, 39 
convective heat losses can still contribute up to 60% of the total losses from a cavity receiver, 40 
particularly in windy environments (Ma, 1993). Hence, significant effort has been invested to 41 
begin to quantify these losses and develop methods to minimise such convective heat losses 42 
(Clausing, 1981, 1983; Hu et al., 2017; Jilte et al., 2014; Lee et al., 2018; Lee et al., 2019a, b; 43 
Lee et al., 2017; Leporini et al., 2018; Lipiński et al., 2020; Prakash et al., 2010; Siebers and 44 
Kraabel, 1984; Wu et al., 2015).  45 

Parameters that affect the convective heat losses from cavity receivers include: the 46 
cavity shape, aspect ratio, aperture ratio, inclination and yaw angles, internal temperature and 47 
wind speed (Clausing, 1981, 1983; Hu et al., 2017; Jilte et al., 2014; Lee et al., 2018; Lee et 48 
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al., 2019a, b; Lee et al., 2017; Prakash et al., 2010; Siebers and Kraabel, 1984; Wu et al., 2015). 1 
The majority of previous investigations into convective losses have been restricted to 2 
quantifying these losses, with relatively few reporting on the effectiveness of potential 3 
mitigation strategies. Worth noting is that the heliostat field design and optical efficiency 4 
influence the geometry of the cavity and also limit the type of mitigation strategies that could 5 
potentially be applied  (Pujol-Nadal et al., 2015). Those strategies that have been proposed 6 
include an aerodynamic barrier (Alipourtarzanagh et al., 2019; Alipourtarzanagh  et al., 2020; 7 
Fang et al., 2019; McIntash et al., 2014; Taussig, 1984; Yang et al., 2018; Zhang et al., 2015a, 8 
b), quartz window (Chang et al., 2015; Cui et al., 2013) and partial coverage of the aperture 9 
(Flesch et al., 2016). Here we choose to assess the application of aerodynamic barriers, which 10 
typically consist of an airstream directed across the aperture to minimise both the egress of hot 11 
air from the cavity and the ingress of cold air from the surrounding atmosphere.   12 

In our previous experimental studies (Alipourtarzanagh et al., 2019; Alipourtarzanagh  13 
et al., 2020), we investigated the effectiveness, with regard to lowering convective heat losses, 14 
of an external air curtain, blowing air in the proximity of the aperture, using a heated cylindrical 15 
cavity. The cavity was placed at a tilt angle of 15° in a large wind tunnel with a varying mean 16 
air velocity of 0, 3, 6 and 9 m/s. Such conditions provide a range of inverse Richardson numbers 17 
from 0 to 43 for the fixed internal temperature and geometry of the cavity. The inverse 18 
Richardson number is proportional to the wind speed and characterises the convective heat 19 
losses within the cavity. The convective heat transfer regime within the cavity transitions from 20 
buoyancy dominated (1/Ri < 0.1) to a mixed regime (0.1 < 1/Ri < 10) and a momentum 21 
dominated regime (1/Ri > 10) by increasing the external wind speed (Huhn, 2006). For the 22 
buoyancy dominated flow regime (low 1/Ri), hot air leaves the cavity from the upper side of 23 
the aperture, while for a momentum dominated regime (high 1/Ri) the whole aperture is within 24 
the convection zone. By direct measurement of the convective heat losses from a cylindrical 25 
cavity for the cases with an air curtain and the equivalent cases without an air curtain, the 26 
effectiveness of each air curtain configuration was determined. This effectiveness has been 27 
quantified as a function of external wind speed, air curtain velocity and discharge angle. The 28 
results highlighted that, for head on wind conditions, the velocity and discharge angle of the 29 
air curtain play a significant role in reducing convective losses from cavity receivers. 30 
Considering the expansion of the curtain flow, it is highly beneficial for the air curtain flow to 31 
be discharged at an angle of 30° relative to the aperture plane to prevent the curtain flow 32 
entraining into the cavity. It is also found that for the 30° discharge angle, increasing the curtain 33 
velocity increases the effectiveness of the air curtain by establishing an aerodynamic barrier 34 
that partially inhibits the interaction of flows inside and outside the cavity. Nonetheless, even 35 
with a favourable discharge angle, the effectiveness of the blowing air curtain was found to 36 
decrease from 60% effectiveness for the no wind condition to 20% for the momentum 37 
dominated heat transfer regime. The findings of these studies provided insights into the trends 38 
and impact of controlling parameters, as well as the mechanism for convective heat loss 39 
mitigation by using an air curtain. However, they did not include the effects of the Grashof 40 
number and wind direction. Therefore, in this paper, we aim to investigate the influence of the 41 
Grashof number and yaw angle of the cavity on the effectiveness of the air curtain.  42 
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Previous investigations by the authors using experiments (Alipourtarzanagh et al., 1 
2019; Alipourtarzanagh et al., 2020) and a combined experimental and numerical study 2 
(Alipourtarzanagh et al., 2020) have shown that the effectiveness of applying a low amount of 3 
curtain momentum flow at the aperture plane for a momentum dominated regime via suction 4 
is typically more effective at suppressing convective heat losses than blowing. Those results 5 
also highlighted that an upward blowing air curtain performed better than a downward blowing 6 
orientation for buoyancy dominated flows in a horizontal cavity, recording a maximum 7 
effectiveness improvement of 58%. This is because an upward blowing air curtain inhibits the 8 
external cold air stream from being induced into the cavity from the lower side of the aperture. 9 
It was also found that for a cavity at a tilt angle of 45°, downward blown air curtains are very 10 
ineffective, with the convective heat losses increasing by 80%. However, the cavity receiver is 11 
usually directed downward to achieve the most efficient design of the tower (Vant-Hull, 2012). 12 
The need to find a better approach that allows suppression of convection losses for all relevant 13 
conditions, including higher tilt angles and high inverse Richardson number, remains 14 
unaddressed. This need has, in part, motivated the current work.  15 

Considering the above findings (Alipourtarzanagh et al., 2019; Alipourtarzanaghet al., 16 
2020; Alipourtarzanagh et al., 2020), it is hypothesised that the controlled use of four 17 
aerodynamic barriers (directed upward, downward and in each lateral direction) coupled with 18 
a wind direction sensor, will be more effective in reducing convective losses than a single 19 
nozzle. We also aim to determine the combinations of suction and blowing as a function of 20 
wind direction and speed that have the potential to be the most effective. We aim to achieve 21 
this through a systematic experimental investigation, with a view to advancing understanding 22 
of the most efficient loss mitigation approaches informed control strategies.  23 

2. Methodology  24 

2.1 Experimental apparatus 25 
A small scale model of a cylindrical cavity receiver (0.3 m ID, 0.45 m length and 0.1 26 

m aperture) was designed and built for use in a large wind tunnel (Figure 1). The open jet test 27 
section of th ewind tunnel was used (2.75 m × 2.19 m × 5.5 m) with a moderate level of 28 
turbulenceintensity (0.15%~6%). Only a brief description of the essential components is 29 
provided here because a more complete description is presented by Lee at al. (Lee et al., 2018). 30 
The wind direction relative to the aperture plane, which changes with the weather conditions 31 
in real operation conditions, was systematically varied for yaw angles  (defined as the lateral 32 
angle of the normal direction of the aperture relative to the wind direction) between = 0° and 33 
45° (Figure 2.b). Similarly, the tilt angle of the cavity, defined as the inclination angle of the 34 
cavity was systematically varied between = 0° and 45° in 15° increments (Figure 2.a) to 35 
cover the range of the common tilt angles of solar cavity receivers in real world applications. 36 
The average air speeds of the wind tunnel assessed were varied between uw = 0, 3, 6 and 9 m/s, 37 
corresponding to inverse Richardson numbers of 0, 4.8, 19.4 and 43.6, to achieve the buoyancy 38 
dominated, mixed and momentum convection regimes.  39 

The interior surface of the prototype receiver consists of 16 copper plates attached to 40 
electrical heaters. The required power to maintain the temperature of each heater at a given 41 
value was measured and controlled with a power control system. The temperature of the heaters 42 
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(Tcav = 300℃ or 400℃ ) was measured using K-Type thermocouples and then transferred to 1
the Simulink application of the MATLAB program on a computer using a Datataker. The 2
output power signal from the computer was transferred to a DMX (lighting) controller with an 3
Arduino. The controlled power supplied to the heaters via the DMX controller was recorded at 4
steady state conditions, defined as being reached when the variation in the temperature of each 5
heater was less than ±0.5 °C in a 300 s period for cases where the total power was above 2 kW, 6
and the variation of total power supplied to all heaters was less than ±100 W for cases where 7
the total power was below 2 kW.  8

 9

2.2 Aerodynamic barrier  10
Purpose-designed air blown and air suction nozzles were used to provide aerodynamic 11

flow across the aperture of the cavity following our previous work (Alipourtarzanagh et al., 12
2020). The same air blown system was used to provide airflow from a 2 mm wide and a 165 13
mm long rectangular slit, as shown in Figure 2.e, at a discharge angle of  = 30° relative to 14
aperture plane. The air flow was provided to the air curtain nozzle using a rotary screw 15
compressor (Kaeser -SM9) through a ½” pipe to the air supply section of the air curtain at a 16
variety of volumetric airflow rates, using a flowmeter (Alicat Scientific MCR-1000 SLPM). 17
Three specially designed suction nozzles were used to withdraw air across the aperture of the 18
cavity from the lower and the two lateral sides of the aperture. The nozzles’ inlets had a width 19
of 10 mm and a length of 100 mm (Figure 2.d) and were fixed at an extraction angle of 30° 20
relative to the aperture plane. The inlet of a blower (Leister ® G90L2) was connected to a 21
settling chamber, drawing air from three air lines connected to the suction nozzles. The suction 22
flow rate of each nozzle was driven from the measured air velocity at the axis of each pipe 23
using a heavy-duty Pitot tube anemometer (Extech HD350) and assuming there was fully 24
developed airflow in the pipes. Each air line was equipped with a globe valve to adjust the 25
airflow rate of each nozzle to ensure equal flows through each. Worth noting is that the 26
difference in the cross sectional area of the exit and inlet of the air blown and air suction 27
nozzles, respectively, is due to hardware limitations and pressure drop. The operating 28
conditions of each method have been adjusted to take account of such differences. 29

Figure 1- A schematic diagram of the power control system and temperature measurements. 
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2.3 Convective heat losses and effectiveness calculation 1 
The total heat losses ( ) from a cavity receiver are comprised of convection 2 

( ) and conduction losses ( ) through the walls and radiation losses ( ) through 3 
the aperture. For the cases where the aperture is closed, the total losses equal the conduction 4 
losses, while the radiation losses depend on the fourth power of the absolute temperature and 5 
hence can be calculated from the known wall temperature. Therefore, the convective heat losses 6 
are defined by Equation (1):      7 = − ( + ).     (1) 8 

The effectiveness ( ) of the aerodynamic barrier is defined as the difference between 9 
the measured convective heat losses for the cases with an aerodynamic barrier relative to those 10 
of the cases without an aerodynamic barrier (reference cases) for the equivalent conditions: 11 = , ,, ,      (2) 12 

where ,  and ,  are the measured convective heat losses for each case with and 13 
without an aerodynamic barrier, respectively.  14 

2.4 Richardson number calculation 15 
The Richardson number, defined by Equation 3, is the ratio of the Grashof number to 16 

the square of the Reynolds number.   17 

= = 2 ( − ∞) 32( ) = ( )2 ,   (3) 18 

where g and  are the gravitational acceleration and thermal expansion coefficient, 19 
respectively. The Grashof number is a dimensionless number that scales the buoyancy forces 20 
relative to the viscous forces and can therefore be used to characterize the heat transfer mode 21 
in a fluid (Shah et al., 2018). The Reynolds number is defined as the ratio of inertial forces to 22 
the viscous forces within a fluid, which indicates whether the flow is steady, transitional or 23 
turbulent (LaNasa and Upp, 2014). The Richardson number defines the relative significance of 24 
the buoyancy forces driving natural convection within the chamber, to inertia forces driven by 25 
the wind. It is worth noting that Dap could be used as charachtristics length  for calculation of 26 
the Richardson number. This will introduce fixed valus of inverse Richardson numers. 27 
However, the value of inverse Richardson number for highest wind speed examined in the 28 
paper will be in the range of momentum dominated regim.    29 

2.5 Momentum, Momentum flux and flow rate calculation 30 
The momentum of the suction curtain flow is calculated using Equation 4:  31 ̇ =          (4)  32 

where  is the nozzle outlet area.  33 

The momentum of the wind flow through the aperture is similarly calculated using Equation 5:  34 ̇ =         (5)  35 
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where  is the aperture area.  1 

The momentum flux of the curtain flow ( ) are obtained from dividing the momentum ratio 2 
by  (the outlet/inlet area of the suction/blown curtain). 3 

The curtain volumetric flow rate is calculated using Equation (6): 4 ̇ = × .        (6) 5 

 6 

  7 
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  2
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Figure 2- Definition of a) tilt angle ( ) of the cavity relative to the horizontal axis and b) yaw angles ( ) relative 
to the wind, c) schematic diagram of the cavity and suction nozzle configurations at the base of the aperture (1N-
B), d) details of the suction nozzle, e) combination of blown and suction air curtain, (f-h) suction nozzle 
configurations: one nozzle (1N-WW), 3 nozzles (3N) and 1 nozzle (1N-LW). 
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2.6 Experimental cases 1 
Presented in Table 1 are the experimental conditions assessed in the paper. It can be seen that 2 
the cavity tilt (θ) is varied over the range 0° to 45° with a 15° increment and two yaw (α) angles 3 
of 0° and 45°, the wind speed (uw) and aerodynamic barrier speed (ub, us), for the different 4 
configurations of the aerodynamic barriers. It is worth noting that the aperture-to-cavity 5 
diameter ratio (Dap/Dcav = 0.33)  and the cavity length-to-diameter ratio (Lcav/Dcav = 1.5) were 6 
fixed.   7 

Table 1- List of experimental conditions. 8 

Aerodynamic 
configuration 

Wind 
speed, 

uw        
[m/s] 

Cavity tilt 
angle θ     

[°]  

Cavity 
Yaw angle 
α [°] 

Velocity of air 
curtain flow 

uc [m/s] 

Cavity 
temperature 

Tcav [℃] 

Aperture 
ratio 
[-] 

Suction-1N-B 0, 3, 6, 9 0, 45 0 3.06, 6.17, 12.37 300 

0.33 

Suction- 3-N 
Suction- 1N-B 9 15,30 0 3.06, 6.17, 12.37 300 
Suction- 1N-B 3,6,9 45 45 3.06, 6.17, 12.37 300 

Suction- 1N-ww 
9 45 45 3.06, 6.17, 12.37 300 Suction- 1N-lw 

Suction- 3N 
Suction- 1N-B 9 45 0 3.06, 6.17, 12.37 400 

Combination of 
suction and air 

curtain 

9 

45 0 

ub: 4.5, 6.75, 9 
us: 1, 2, 2.5, 3.06, 
6.17, 8, 12, 12.37 

 
300 

0 

ub: 4.5, 6.75, 9 
us: 1, 2, 2.5, 3.06, 
3.5, 4, 4.5, 5, 5.5, 

6.17, 8, 12.37, 
18.5 

Closed aperture cases 

Not applicable 
 

0, 3, 6, 9 0, 45 0 Not applicable  
  

300 
0 9 15, 30 0 300 

3, 6, 9 45 45 300 
2.7 Uncertainty  9 

The uncertainty of the mean wind speed, Richardson number, heat loss measurements 10 
and velocity of blown air curtain are as reported in our previous work (Alipourtarzanagh et al., 11 
2020), which used the same apparatus. The estimated uncertainty of the air suction system, 12 
deduced from the accuracy of the Pitot tube, is ±0.6%. The variation of the measured velocity 13 
on the axis of the suction airway contributes to a 2.1% uncertainty of the velocity 14 
measurements. Therefore, the uncertainty in the bulk mean exit velocity of the air curtain is ± 15 
2.3%.  16 

3. Results  17 

3.1 Air Suction only from one nozzle at different tilt angles and zero yaw angle   18 
Figure 3 presents the measured effectiveness of the air suction configuration 1N-B, for 19 

three values of suction flowrate ( ̇ = 3 × 10 , 6 × 10  and 12× 10  / ), an inverse 20 
Richardson number of 0, 4.8, 19.4 and 43.6 and two tilt angles of (a) = 0° and (b) = 45°. 21 
It is clear from Figure 3.a, which corresponds to cases with a tilt angle of = 0°, that  22 
increases with the suction flowrate for the majority of cases. For instance,  was found to 23 
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increase by 41%, 19% and 6% with an increase in ̇  from 3 × 10  to 12× 10  /  for 1 
1/Ri = 4.8, 19.4 and 43.6, respectively. However, for 1/Ri =0, where the convective heat transfer 2 
regime is buoyancy dominated, although increasing ̇  from 3 × 10  to 6 × 10  /  3 
results in a 33% increase in , a further increase of ̇  to 12× 10  /  reduces the 4 
effectiveness by 9%. When comparing Qconv from the internal surfaces of the cavity, for these 5 
two specific cases, namely ̇ = 6 × 10  and 12× 10  / , it is clear that increasing the 6 
suction flow rate increases the losses from all sections by up to 60%,  mostly in the lower front 7 
part of the cavity. This implies that, for no wind conditions, extracting air from the suction 8 
nozzle at rates higher than an optimum value will increase the cooling from the lower front 9 
zone of the cavity in the proximity of the suction nozzle. Since the optimal degree of such rate 10 
varies with the wind speed, dynamic control of the mitigation strategies to account for this is 11 
desirable. From the figure, it is also apparent that the effectiveness drops as the inverse 12 
Richardson number increases. For example, for a suction flow rate of 12× 10  / , an 13 
effectiveness of the order of 60% is achieved for 1/Ri = 0, while this drops to 6% for the higher 14 
inverse Richardson number of 43.6.  15 

Figure 3.b presents the variation of the effectiveness with suction flow rate for a variety of 16 
inverse Richardson numbers for the cavity tilt angle = 45°. It is apparent that the relationship 17 
between effectiveness and the suction flowrate is complex for different inverse Richardson 18 
numbers. At 1/Ri = 0, the effectiveness reaches a maximum value of 76% at ̇ = 6 ×19 10 /  and then decreases to 42% by increasing the suction flowrate to 12× 10 / . A 20 
comparison of the distribution of the losses from different sections in the cavity between these 21 
two cases shows that 80% of differences in the convective heat losses occur at the lower front 22 
section of the cavity. This implies that, as for the case with a tilt angle of = 0°, too much 23 
suction results in the extraction of the air from inside the cavity and this leads to higher 24 
convective heat losses compared with the case with a lower suction flowrate. However, unlike 25 
the tilt angle of 0°, the effectiveness does not increase monotonically with the suction flowrate. 26 
For example for 1/Ri = 4.8 and 19.4 as the suction flow rate increases: the effectiveness drops 27 
and increases again. However, the variation of effectiveness for 1/Ri = 4.8 is less than that for 28 
1/Ri= 19.4, so that the variation in suction flowrate from 3 × 10  to 12× 10  /  results 29 
in a 17% improvement in effectiveness; while for 1/Ri= 19.4 the value of   only increases by 30 
6%  for the same variation in suction flow rate. In addition, for 1/Ri= 43.6, there is an upward 31 
trend of effectiveness as a function of ̇ , so that effectiveness reaches a maximum value of 32 
42% for  ̇ = 12 × 10 / .  33 

A comparison between the results presented in Figures 3.a and 3.b shows that the 34 
effectiveness of suction is higher at 1/Ri =43.6, and is higher than that for 1/Ri = 19.4 and 4.8 35 
and for a tilted cavity at  = 45°. This contrasts with the results for a horizontal cavity, where 36 
increasing the inverse Richardson numbers results in lower effectiveness. This suggests that it 37 
is possible to address the challenges associated with reducing the convective heat losses for a 38 
tilt angle of = 45° identified previously (Alipourtarzanagh et al., 2020). At this angle, the 39 
external aerodynamics, coupled with internal buoyancy forces, were previously found to pose 40 
a major challenge to the use of a blowing air curtain as a mitigation strategy for all values of 41 
1/Ri.  42 
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  1

Figure 4 presents the absolute values of convective heat losses from the cavity for a tilt 2
angle of 45°, for 1/Ri = 0, 4.8, 19.4 and 43.6 and for a suction flow rate of  ̇ = 0 and 12×3 10 / . The results show that increasing the suction flowrate to ̇ =12× 10 /  is 4
most effective for 1/Ri =43.6, where the heat losses are almost halved from 292 W to 168 W. 5
The effect of suction is not as prominent for the other three cases of 1/Ri= 0, 4.8 and 19.44 (93 6
to 54 W, 105 to 72 W, 162 to 127 W). This implies that, despite the air suction, the penetration 7
of external air into the cavity increases with the wind speed. These results confirm the 8
deduction that the effectiveness increases as the air suction flowrate increases towards an 9
optimum value. It can therefore be suggested that the application of air suction from other sides 10
of the aperture (right and left), especially for higher wind speeds where the losses are dominated 11
by forced convection, is likely to improve the isolation of the internal zone of the cavity from 12
the surroundings and hence reduce losses.  13

 14

0       3   6       12 0       3   6       12 

(%)  (%) 

̇ × 10 [ ] ̇ × 10 [ ] 

Figure 3- The variation of effectiveness  (%) with the suction flowrate ( ̇ = 3 × 10 , 6 × 10  and 12×10  / ) for  inverse Richardson numbers of 0, 4.8, 19.4 and 43.6. Data are presented for the tilt angles of 
(a) = 0° and (b) = 45°. Test conditions: = 0°, Tcav= 300℃, nozzle configuration: 1N-B. 

(a) (b) 
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 1

Figure 5 displays the effectiveness of one air suction nozzle configured as 1N-B as a 2
function of the momentum of the suction flow (Equation 4) relative to that of wind flow 3
(Equation 5) through the aperture ( ̇ ̇⁄ ). The test conditions include 1/Ri = 43 for the head 4
on wind direction ( = 0°) and cavity tilt angles of = 0°, 15°, 30° and 45°. These variations 5
of momentum ratios have been implemented here by changing the velocity of the air curtain at 6
a wind speed of 9 m/s,  although the momentum also depends on the density of the air curtain 7
and the inlet area of the suction nozzle. It is apparent from the figure that the effectiveness 8
increases with the momentum ratio, for all tilt angles.  One possible explanation for this is that 9
a higher momentum of suction relative to that of wind flow strengthens the aerodynamic barrier 10
across the aperture, which inhibits the interaction of flows inside and outside the cavity. As the 11
suction momentum increases, more external air is drawn into the suction nozzle. This guides 12
the external wind flow into the suction nozzle rather than blowing it into the cavity and, as a 13
result, the convective heat losses are reduced. 14

The figure also shows that the effectiveness of the suction increases with the tilt angle of 15
the cavity, so that a maximum effectiveness of 42% is achieved for a tilt angle of 45°. The trend 16
contrasts the trend of the effectiveness of the blown air curtain with the tilt angle of the cavity 17
(Alipourtarzanagh et al., 2020), which showed that the effectiveness of a blown air curtain 18
decreases with an increase in the tilt angle of the cavity. This also suggests that the potential 19
benefits of air suction are more favorable than blowing for tilted cavity receivers.  20

[] 

1/Ri 

Figure 4- Absolute convective heat losses  [W] as a function of inverse Richardson number for  ̇ = 0 and 
12× 10 / . Test conditions: = 45°, = 0°, Tcav= 300℃, nozzle configuration: 1N-B. 

̇ × 10 [ ⁄ ] 
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 1

3.2 Air Suction only from three nozzles at different tilt angles and zero yaw angle   2
Figure 6 presents the effectiveness of the three nozzle configurations of the air suction 3

system (Figure 2.g) as a function of the suction flowrate, which was held equal from each 4
nozzle ( ̇ = 3 × 10 , 6 × 10  and 12× 10  / ) for a variety of inverse Richardson 5
numbers and for a head-on wind direction (  = 0°), with a cavity wall temperature of 300℃  6
and two different tilt angles of (a) = 0° and (b) = 45°.  Comparing these results (Figure 7
6.a) with those in Figure 3.a, it can be seen that even the highest value of the effectiveness 8
achieved with the three nozzles is significantly less than was achieved with only one suction 9
nozzle on the lower side of the aperture. At the same time, the power to activate three nozzles 10
is increased three times. Hence this configuration is undesirable. Figure 6.a also shows that the 11
highest effectiveness for wind speeds assessed here is achieved for ̇ = 6 ×  10 /  , with 12
a value of 33% for 1/Ri= 4.8. However, a further increase in the suction flow rate to 12×13 10  /  results in a dramatic drop in effectiveness.  14

Comparing the results presented in Figure 6.b with those presented in Figure 3.b, it can be 15
seen that the use of three nozzles instead of one also has an adverse impact on performance for 16
a tilt angle of = 45°. The sharp decrease in the effectiveness to -76%, -234% and -65% for 17
1/Ri= 0, 4.8 and 19.4 is likely due to the induction of additional cold air into the cavity through 18
the use of the three air suction nozzles. The only sight exception is the case of the highest 19
inverse Richardson number, 1/Ri= 43.6, where an increase in the suction flowrate increases the 20
effectiveness. However, the value of the highest achieved effectiveness for simultaneous 21
application of three nozzles is 39%, which is 3% less than that for applying one suction nozzle 22
alone. Returning to the hypothesis posed in the previous section, it is now possible to conclude 23
that the simultaneous application of suction through three nozzles does not improve 24
performance over the use of only one nozzle that is optimally oriented relative to the wind.   25

̇ ̇⁄  

[°] 

 (%) 

Figure 5- The effectiveness  (%) of air suction, as a function of the momentum ratio of the suction flow to wind 
flow through the aperture for 1/Ri = 43 and = 0°, 15°, 30° and 45°. Test conditions: = 0°, Tcav=300℃, nozzle 

configuration: 1N-B. 
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 1

3.3 Air Suction configuration at both yaw and tilt angles of 45°  2
Figure 7 presents the effectiveness of various configurations of air suction nozzles as a 3

function of wind speed for the case where both the yaw and tilt angles are 45°, 1/Ri = 43.6 and 4
Tcav=300℃. The figure shows that the use of only one suction nozzle below the aperture 5
increases the convective heat losses over the no suction case by approximately 2.4 times for a 6
suction flow rate of 12× 10  / . That is, this configuration increases the ingress of external 7
air into the cavity. It further suggests that the transverse orientation of the angle of the suction 8
nozzle to wind flow is undesirable. The figure also reveals the same trend observed in Figure 9
6, that the use of three nozzles for suction (below and on both lateral sides) also increases the 10
convective heat losses. The use of a single nozzle on the wind-ward side of the aperture also 11
increases the convective heat losses by up to 3.5 times for the suction flow rates assessed here. 12
However, by activating suction on the lee-ward side nozzle, i.e. with  the wind directed toward 13
the active suction nozzle inlet, a 61% reduction in the convective heat losses was achieved for 14
the case ̇ = 6 × 10 10  / . This highlights the importance of nozzle orientation 15
relative to the wind direction to reduce the convective heat losses.    16

0       3     6          12 0       3     6          12 

Figure 6- The effectiveness  (%) of the cases with three nozzles, all applying the same amount of air suction 
(Figure 2.g), as a function of the suction flowrate from each nozzle ( ̇ = 3 × 10 , 6 × 10  and 12× 10  / ) 
at different inverse Richardson numbers of 0, 4.8, 19.4 and 43.6 for (a) = 0° and (b) = 45°. Test conditions: = 0°, Tcav=300℃. 

̇ × 10 [ ⁄ ] ̇ × 10 [ ⁄ ] 

 (%)  (%) 
0 3

(a) 

0 3

(b) 
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  1

Figure 8 presents the effectiveness of a single air suction nozzle configured as 1N-LW, for 2
a cavity at tilt and yaw angles of 45° for 1/Ri = 4.8, 19.4 and 43.6 and Tcav = 300℃. It is apparent 3
from the figure that this configuration is effective for the high inverse Richardson number 4
regime in which the convective heat losses are dominated by momentum. However, in the low 5
inverse Richardson number regime, 1/Ri = 4.8, the effectiveness becomes negative, indicating 6
an increase in the convective heat losses compared with the no air suction case. That is, the use 7
of side nozzles for suction has an adverse impact where buoyancy forces dominate and result 8
in increased egress of hot gases from the cavity to exit the cavity. That is, leeward suction is 9
only effective in the momentum dominated regime.  10

 11

Nozzle 
configuration 

̇ × 10 [ ⁄ ] 

%
 

Figure 7- The effectiveness ( %) of different air suction configurations as a function of the suction flowrate from 
each nozzle ( ̇ = 3 × 10 , 6 × 10  and 12× 10  / ) at 1/Ri = 43.6,  for = 45°, = 45°, Tcav=300℃.   

Figure 8- The effectiveness  (%) of air suction configurations of 1N-LW, as a function of the relative velocity of 
suction to wind at 1/Ri = 4.8, 19.4 and 43.6 for = 45°, = 45°, Tcav=300℃.   

 

% 
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3.4 Effect of the Grashof number  1
Figure 9 presents the effectiveness of one suction nozzle configured as 1N-B, as a function of 2
the momentum flux of suction to wind flow ( / ) for two values of cavity Grashof 3
numbers (Equation 3), for a cavity with = 45° and a head on wind condition. Worth noting 4
is that the Grashof number was changed via the wall temperature of the cavity (from 300℃ to 5
400℃) only. It can be seen that the effectiveness increases with /  for both Grashof 6
numbers. However, the effectiveness of the air suction is lower for the higher Grashof number. 7
For example, suction is only half as effective for  7.06×108, compared with  9.62×108 for a 8
momentum flux ratio of 1.89. This suggests that more suction is needed with higher 9
temperatures. 10

  11

3.5 Combination of air suction and air blowing  12
Figure 10 presents the effectiveness of aerodynamic barriers that comprise a combination of 13
diametrically opposed nozzles to provide both air blowing and air suction (Figure 2.e), as a 14
function of the fractional momentum of suction. Data are presented for  = 45° and a) 1/Ri = 15
43.6 and b) 1/Ri = 0. The figure shows that for the momentum dominated heat transfer regime, 16
1/Ri = 43.6, the average effectiveness increases in proportion to the relative momentum flux of 17
suction to the total momentum flux for all cases. That is, in general, suction is more effective 18
than blowing, although the details are nuanced since the relationships are not exactly linear for 19
each individual data set. This trend is consistent with the results from Figure 3.b. The results 20
also show that a 16% improvement, from 22% to 38%, in the effectiveness of the combined 21
aerodynamic barrier over the suction only was achieved at = 146 kg/ms2. However, the 22
combined blowing and suction approach had an improvement of only 5% in maximum 23
effectiveness over the suction only case, from 43% to 48%.  24

Comparison between the results presented in Figures 3.a and 10.a, shows that the 25
combination of an air suction and air blown curtain does not always lead to higher effectiveness 26
compared with application of air suction only. For instance, the effectiveness of the combined 27

case of  = 0.65, where = 181 kg/ms2 (corresponding to ̇ = 12 × 10 ) and = 28

96 kg/ms2, is 16% lower compared with the suction only case of ̇ = 12 × 10 . This suggests 29

/  

%
 

Figure 9- The effectiveness  (%) of air suction configurations of 1N-B, as a function of the momentum flux of 
the suction flow to wind flow through the aperture for Gr = 7.06× 108 and 9.62 ×108 for = 45°, = 0°.   

105



17 
 

that a combination of air suction and air blowing should be applied for cases with low blown 1
curtain momentum flux to achieve higher effectiveness when compared with cases with suction 2
alone.  3

The results obtained for the effectiveness of a combination of both air blowing and air 4
suction for the case of no wind, i.e. 1/Ri = 0, are presented in Figure 10.b. It can be seen that 5
the general trend is opposite from that for 1/Ri = 43.6. That is, there is a general trend that 6

effectiveness decreases as   increases. However, a closer examination reveals that each 7

data set has a maximum or particular value of  . For example, the maximum value of  8

occurs at = 0.3 for  = 0.13⁄ . Notwithstanding this point, the general 9

collapse of the data shows that the momentum of a blown air curtain has a primary influence 10
on the effectiveness, so that the maximum value occurs with more momentum from the blown 11

than from the suction nozzles. For instance, the effectiveness is 33% for ≅ 0.70 and 12

5% for  = 0.13⁄  and 0.30, respectively. It is worth noting that the maximum 13
effectiveness of the suction only aerodynamic barrier is 76% (Figure 3.b), which is 15% higher 14
than that of the combined approach of the aerodynamic barrier.  15

 16

  17

 18

 19

 20

 21

 22

 23

 24

 25

 26

 27

 28

4. Discussion 29
The results have shown that air suction results in major improvement in effectiveness over 30

those found previously for cases where the cavity tilt angle is 45°, especially at higher inverse 31
Richardson numbers, corresponding to high wind speeds. An effectiveness of 43% was 32
achieved for  = 45°,  = 0° and 1/Ri = 43.6, which constitutes an 84% improvement over those 33

 %
 

 %
 

/( + ) /( + ) 

Figure 10- The effectiveness  (%) of a combination of air suction and air curtain (Figure 2.a), as a function of 
momentum flux of suction to that of total suction and blowing for different relative blown air curtain momentum 

fluxes for a) 1/Ri = 43.6 and b) 1/Ri = 0. Test conditions: Tcav= 300℃, = 45° and = 0°. Note: = 
180.56 kg/ms2   

(a) (b) 

⁄  

0.13 

0.30 

0.53 
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identified in our previous work (Alipourtarzanagh et al., 2020). Nevertheless, for equal fan 1 
power consumption with the horizontal cavity orientation at higher wind speeds, air suction 2 
performed worse than the air blowing options (Alipourtarzanagh et al., 2020), and even resulted 3 
in a negative effectiveness for some cases. The reason for the improved performance of the air 4 
suction nozzle for a tilted cavity over the horizontal case is deduced to be due to the influence 5 
of buoyancy in generating a ‘stagnation zone’ in the upper part of the cavity for the tilted case, 6 
even in the presence of some wind, which is not the case for the horizontal configuration. 7 
Suction helps to maintain this dead zone better than blowing. This was supported by the 8 
analysis of the heat losses from the various sections of the cavity interior surface. The 9 
importance of maximising the size of the stagnation zone is also consistent with the observation 10 
that an optimum flow rate for suction momentum can typically be found, above which 11 
effectiveness is reduced. Extracting too much air is deduced to decrease the size of this 12 
stagnation zone. 13 

The present work has also reinforced the hypothesis that different nozzle configurations are 14 
needed for different wind directions, relative to the cavity. For example, the use of three suction 15 
nozzles positioned to the windward, leeward and under-sides of the aperture did not offer any 16 
improvement over the use of a single suction nozzle positioned below the aperture for the case 17 
of head-on wind and a tilted cavity. However, all three nozzles are important for winds with a 18 
sideward component for which the suction nozzle on the opposite side from the wind direction 19 
yields the best performance. The need to optimise the use of the nozzles for each wind condition 20 
can also be seen from the finding that the activation of the side nozzle increases the convective 21 
heat losses by 50% for the sideward wind conditions in the buoyancy dominant regime. 22 
Similarly, for the natural convection regime where 1/Ri = 0, the combination of air suction and 23 
blown air curtain reduced the effectiveness compared with the suction only cases, although the 24 
combination is beneficial for other cases. Together these observations show the nozzles will 25 
need to be controlled dynamically relative to the wind speed and direction, although the 26 
development of such a control system is beyond the scope of the present investigation. 27 

The combined effects of blown and suction air for a head-on wind with a high inverse 28 
Richardson number and cavity tilt angle of 45° was found to be more effective than sucking 29 
alone. It is hypothesised that the downward blown air curtain acts to inhibit hot air from leaving 30 
the upper side of the aperture, while the suction nozzles on the bottom side will help redirect 31 
external air, to inhibit the induction of cold air from entering the aperture from below. For the 32 
preset cases, this additional benefit was modest, with the combined approach increasing the 33 
effectiveness of the air curtain by around 5%. Nevertheless, further investigations may identify 34 
greater benefits.    35 

5. Conclusions 36 
The effectiveness of configurable aerodynamic barriers to offer potential for adaptive 37 

control to reduce convective heat losses from a cylindrical solar cavity receiver has been 38 
measured experimentally. The measurements show that it is necessary to switch between 39 
nozzles oriented in different directions to accommodate the different wind directions, which 40 
implies that an adaptive aerodynamic strategy will be needed to achieve the highest thermal 41 
efficiency.  42 
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The following specific conclusions can be drawn:  1 

 For a head-on wind: 2 
- For a cavity receiver tilted downward at 45°, the most effective nozzle 3 

configuration identified for either a head-on wind or no wind is one suction 4 
nozzle positioned below the aperture. This yielded an effectiveness of 83% 5 
and 43% for the buoyancy and momentum dominated regimes, respectively. 6 
The application of air suction from three sides of the aperture (both lateral 7 
and one lower sides) significantly increases the convective heat losses.  8 

- For a horizontal cavity receiver, the trends of variation of effectiveness with 9 
nozzle configuration are similar to 45°, although the details are different. 10 

- For a cavity receiver tilted downward at 45°, the combination of a blowing 11 
and suction air curtain with a variety of the fractional momentum flux of 12 
suction for 1/Ri = 43.6 showed a 5% improvement in effectiveness 13 
compared with a suction only approach. However, for a no wind condition, 14 
suction only was found to have higher effectiveness over the combined 15 
approach. 16 

- For a cavity receiver tilted downward at 45°, the effectiveness improves 17 
with the inverse Richardson number, either by increasing the wind speed or 18 
decreasing the temperature of the cavity, so that for 1/Ri = 43.6 a maximum 19 
effectiveness of 43% is achieved. 20 

 21 
- For a horizontal cavity receiver and tilted downward at 15°, 30° and 45°, the 22 

effectiveness for a momentum dominated heat transfer regime increases 23 
with the suction flowrate. However, for a no wind condition, lower 24 
extraction is needed to prevent suction of cavity air.  25 
 26 

 For a cross wind:  27 
- For a cavity receiver tilted downward at 45°, the most effective nozzle 28 

configuration identified for high inverse Richardson numbers is one suction 29 
nozzle in the leeward position (i.e. directed across the aperture toward the 30 
wind). An effectiveness of 60% has been measured for this case.  31 

- For a low inverse Richardson number, the side nozzle configuration 32 
increases the convective heat losses by more than 50%. 33 

- The available evidence suggests that these trends will apply for other 34 
inclination angles; however, more work is needed to confirm and optimise 35 
these cases. 36 
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A B S T R A C T

An experimental investigation of the interaction between the internal and external flows through a simplified laboratory-scale hybrid solar cavity receiver is

presented. The experiments were conducted under isothermal conditions using the Particle Image Velocimetry (PIV) technique. The device comprises a cylindrical

chamber (70 mm inner diameter and 225 mm long) fitted with four jets (3.35 mm inner diameter) simulating fuel and air supply and an aperture. Four different

configurations have been tested, with two different jet inclination angles (25° and 50°) and with two different jet azimuthal angles (0° and 5°). Water was used as the

working fluid and the models were placed in a water channel with variable speed to allow the influence of an external flow to be simulated. The results show that the

flow behaviour within the cavity is strongly dependent on the jets’ configuration, the aperture ratio and tilt angle. A significant flow of external fluid was entrained

through the aperture for all of configurations, with an additional 22% and 42% to the internal flow for the (αj = 25°, γj = 0°) case with zero and 0.24 m/s exteral

velocity, respectively. The effect of openning the apreture on jet decay, turbulence intensity and recirculation pattern was also recorded. It is found that while

opening the aperture and introducing an external flow have little qualitative influence on the flow pattern and jet decay, the turbulence intensity in the proximity of

the aperture changes considerably. The need to manage the complex interactions between the external and internal flows through the cavity receiver is defined.

1. Introduction

Solar energy is playing a growing role in displacing the fossil-based

energy systems that have powered human society historically. A major

obstacle for wider implementation of all solar energy technologies is the

intermittent nature of the resource, resulting in the need for energy

storage. The development of photovoltaic cells for electricity generation

and their successful commercialisation have resulted in a large number

of installations, in more than 30 countries, exceeding 500 GW [1]. The

cumulative installation of Concentrating Solar Thermal energy (CST),

on the other hand, is presently slightly above 5 GW [2]. CST installa-

tions, however, are expected to increase rapidly, in the near future, due

to the relatively low cost of storing thermal energy at a relatively large

scale, to that of storing electricity [3]. Furthermore, in generating heat

directly, CST has potential application in a wide range of industrial

processes that require mostly thermal energy, which contribute more

than a third of the CO2 emissions worldwide [4]. There is therefore a

need to support the further development of CST technology.

A concerted effort is being spent to increase the viability of

Concentrating Solar Thermal, CST, technology as a replacement of fossil

fuel powered combustion systems and to increase its share of renewable

energy generation. These efforts are mostly directed towards reducing

the cost associated with solar radiation concentration [5] and ensuring

dispatchable and firm supply. The two major approaches to increase

dispatchability are thermal energy storage systems and hybridisation of

solar systems with other renewable resources or conventional com-

bustion [6]. The novel hybrid solar receiver and combustor (HSRC)

technology combines a solar cavity receiver with a combustor in a

single device [7–9]. As with other combustion hybrids, the HSRC

guarantees firm supply, but it also brings other advantages of reduced

infrastructure cost, reduced start-up losses and the potential to reduce

thermal cycling of the receiver due to short-term fluctuations of the

solar resource [10]. The HSRC can be operated under any of three

different modes: solar only, combustion only and mixed mode [10].

Fig. 1 presents the main features of the HSRC, schematically. When the

HSRC is operated in the mixed-mode, energy is introduced into the

chamber both through the open aperture, via the concentrated solar

radiation, and through the burners via the fuel and air combustion. This

mode is used when the solar resource is relatively low, for example due

to the passage of cloud [10]. The momentum of the reactants’ jets

within the chamber control the flow patterns and resulting pressure

gradients within the cavity, which are modified further by the com-

bustion process. These pressure gradients have the potential to increase

either the egress of hot gaseous products from the cavity, through the

aperture, or the induction of cold air through the aperture. Both of these

scenarios are undesirable because they will reduce the thermal effi-

ciency of the device. Furthermore, since the cavity is installed on top of

a tower, where wind speeds are greater than at ground level, convective

https://doi.org/10.1016/j.expthermflusci.2019.110028

Received 7 June 2019; Received in revised form 22 November 2019; Accepted 19 December 2019

⁎ Corresponding author.

E-mail address: elham.alipour@adelaide.edu.au (E. Alipourtarzanagh).

115



losses from the ingress of cold air to the cavity cannot be neglected. The

interaction of the flow dynamics inside the cavity with those induced by

wind outside it is essential to design receivers that are more efficient.

The way to control this interaction will depend on the back pressure

from the exhaust outlet, the reactants and products from combustion

and wind speed and direction. As a result, more understanding is

needed of the flow characteristics within the hybrid cavity for the case

of an open aperture, particularly in the vicinity of the aperture plane in

order to minimize the convection losses.

Only a few studies have reported on the flow-field associated with a

HSRC. In an experimental study, Chinnici et al. demonstrated the suc-

cessful operation of a laboratory-scale HSRC at ~20 kW capacity. Their

configuration used nozzles with an inclination angle of 30° and an

azimuth angle of 5°. This configuration provided effective circulation

needed to establish the Moderate or Intense Low-oxygen Dilution,

MILD, combustion regime within the cavity. It also provided sufficient

convective heat transfer to the heat exchangers in the cavity. Their

investigation estimated an air entrainment of 12%, from the ambient

surrounds, in the mixed mode of operation for an aperture ratio of 0.33,

using this jets’ configuration [12]. However, no previous investigation

has measured the air entrainment for larger aperture ratios, providing a

need to also investigate such configurations. Also neglected, was the

influence of the speed and direction of external wind, noting that the

direction has two components owing to the tilt of a solar cavity receiver

relative to the horizontal direction. Hence, there is also a need to in-

vestigate these influences.

The inclination angle of jets to the chamber axis has been found to

have a first order influence on the behaviour of both reacting and non-

reacting flows within an enclosed volume [13–16]. It is found that jet

deflection enhances the mixing, improves heat transfer and reduces

pollutant emissions. More pertinent to the present study, Long et al.

[17] also found that the flow pattern can also affect the pressure gra-

dient across the aperture plane of a solar cavity receiver. The same

authors conducted a series of experimental and numerical studies, and

investigated the flow within a cylindrical cavity, similar to the HSRC

configuration, equipped with four jets and using water as the working

fluid [17–21]. These studies investigated the influence of the number of

the jets, their inclination angle (αj) and their azimuthal angles on the

flow pattern inside the cavity. All studies where carried out with a

throat but a closed aperture. Their numerical study identified four flow

regimes within the cavity, namely: a strong inward annular recircula-

tion regime for 0° ≤ αj < 10°, an outward recirculation dominant flow

regime for 10° ≤ αj < 40°, an outward recirculation with backflow

regime for 40° ≤ αj < 60° and a jet impinging flow regime for 60° ≤

αj < 90°. It revealed that the mean flow field within a cavity depends

strongly on the inclination angle and the number of jets [17]. In ad-

dition, the extent of the backflow inside the cavity and through the

throat also depends on the inclination angle of the jets [19]. In another

study, Long et al. considered rotationally symmetric jets within a cy-

lindrical chamber. They showed that the jet azimuthal angle also has a

significant influence on the flow pattern inside the cavity [20]. They

also investigated the effect of the aspect ratio of the cavity (Lc/Dc) on

the flow regimes within the chamber. They found that by changing the

back pressure through the variation of the aspect ratio, three different

regimes are observed in the cavity chamber [21]. These studies are

important as they discovered the physics of fluid such as velocity decay,

turbulence intensity and recirculation zone related to the stability and

control of the combustion process. However, no previous work has in-

vestigated the effect of the external flow conditions of the flow char-

acteristics inside a cavity when the aperture is opened, a condition of

direct relevance to the mixed mode of operation.

The interaction between external and internal flows in a solar

Nomenclature

Aap aperture area [m2]

Dap diameter of the aperture [m]

Dc diameter of the cavity [m]

Dj jet diameter [m]

H height of the region of interest [m]

Lc length of the cavity [m]

Lj length of the jet supply pipe [m]

map mass flow rate through the aperture [kg·s−1]

mred reduction in mass flow rate through the aperture [kg·s−1]

Pap changes in the pressure at the aperture [Pa]

Pi jet impingement point [m]

Pmin point of minimum axial velocity along the centre line of

the cavity [m]

Poutlet fluid pressure at the cavity outlet [Pa]

Ps stagnation point [m]

r radial distance from centre of the cavity [m]

Rp pressure ratio

Re Reynolds Number based on jet diameter

Vap The velocity of the flow through the aperture [m·s−1]

Vj the nozzle bulk mean exit velocity [m·s−1]

Vs velocity of free stream [m·s−1]

Vx axial velocity [m·s−1]

Vy radial velocity [m·s−1]

W width of the region of interest [m]

Wout width of outlet gap [m]

x axial distance from the aperture [m]

Greek symbols

αj Inclination angle of the jet [degrees]

γj Azimuth angle of the jet [degrees]

θ Tilt angle of the cavity [degrees]

μ Dynamic viscosity [N·s·m−2]

ρ density [kg·m−3]

Abbreviation

AR Aperture Ratio (ratio of the diameter of the aperture to the

diameter of the cavity)

CIJR Confined Impinging Jet Reactor

CRZ Central Recirculation Zone

CST Concentrated Solar Thermal

ERZ External Recirculation Zone

FFT Fast Fourier Transform

HSRC Hybrid Solar Receiver and Combustor

MILD Moderate or Intense Low-oxygen Dilution

sCMOS scientific Complementary Metal-Oxide Semiconductor

Fig. 1. Schematic diagram of the Hybrid Solar Receiver Combustor [11].
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receiver will generate convective heat losses, which are undesirable.

Considerable experimental and numerical studies have been conducted

to investigate the main parameters affecting the convective heat losses

from standard cavity receivers, which do not incorporate any internal

jets [22–24]. These parameters include the geometric characteristics of

the cavity [25] and external flow conditions including wind speed and

wind direction [26,27]. In the studies devoted to the investigation of

the interaction of the flows inside and outside the solar cavity receivers,

the effect of buoyancy and temperature distribution is a critical factor.

However, buoyancy is only of second order importance in HSRCs,

where confined reacting flows driven by jet mixing and where inertia

typically dominates over buoyancy [28]. For such flows, the interaction

between the internal and external flows in a confined cavity can be

reliably investigated and implied using isothermal studies.

As described above, although some studies have been conducted to

investigate flow behaviour in either conventional cavities under windy

condition, or a hybrid solar-combustion cavity with closed aperture, no

studies are found which examine the flow behaviour of a hybrid solar

receiver with both internal jets and open aperture. Hence, the present

experimental study is focussed on both the flow behaviour within and

the interaction between internal and external flows, in a simplified la-

boratory-scale hybrid solar cavity receiver under different operation

conditions. The main aim is to investigate the effect of an external flow

on the resulting flow pattern of multiple jets inside a confined cylind-

rical cavity of relevance to HSRC. In particular, the study aims to better

understand the influence on size and location of recirculation zones,

velocity decay, mass exchange and turbulence intensity as they all have

influence on the established combustion regimes inside and convective

cooling from the cavity. Therefore, in this study the effects of jet con-

figuration, aperture ratio, external flow velocity and cavity yaw angle

are reported and analysed.

2. Methodology

An experimental campaign was conducted to measure the flow field

within a jet-driven cavity receiver, and in the near external field using

particle imaging velocimetry (PIV) technique. The investigation is si-

milar to that of Long et al. except that the aperture is open to the ex-

ternal environment, while their model was sealed [17–21]. The re-

ference configuration for the present investigation, notably the choice

of inclination and azimuth angles of the jets, was selected to match the

case for which good performance was measured in a laboratory-scale

prototype [12]. The range of variables in the inclination and azimuthal

angles was chosen to represent the key regimes identified from previous

studies. The devices were built from acrylic, which has a similar re-

fractive index to water resulting in low optical distortion for measure-

ments of the internal flows.

2.1. Experimental setup

The key geometric features and a photograph of the experimental

configuration are presented in Fig. 2 and reported in Table 1. The de-

vice was made of inter-changeable components to allow all key para-

meters to be varied systematically. The cylindrical model was 74 mm in

internal diameter and 225 mm in length, with an annular gap of 3 mm

as the outlet for the ‘exhaust’. The back pressure to the flows within the

Fig. 2. A schematic diagram and photograph of the device being measured, showing key geometric features and notation. Here the camera field of view is highlighted

with green. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

E. Alipourtarzanagh, et al.

117



cavity could be changed by either changing the length of the cavity or

the outlet gap. However, these dimensions were fixed for the present

study. The aperture face consists of a disk with an interchangeable

aperture of different diameters of 18.5 mm to 24.6 mm and 37 mm

resulting in a Dap/Dc ratio of 0.25, 0.33 and 0.50. In addition, four equi-

spaced nozzles, each of 3.35 mm inner diameter were chosen to si-

mulate the reactantas flow into the chamber. The diameter of the

aperture was varied for the case with an inclination angle of αj = 25°

and an azimuth angle of γj = 0°. This allowed the investigation of

aperture size ratio on the flow behaviour, while keeping all other

parameters the same (see Table 2).

Two jet inclination angles (αj) 25° and 50°, were selected based on

previous work [12,19]. In addition, two azimuth nozzle angles were

selected, γj = 0° and 5° to investigate in the effect of a swirling flow

within the cavity [29].

To investigate the effect of the cavity tilt angle relative to the cross-

flow direction on the mass flow rate through the aperture, the cavity

was held at different tilt angles, as shown in part (b) of Fig. 2. Tests

were conducted for the case with an inclination angle of αj = 25° and

an azimuthal angle of γj = 0°, while the tilt angles of the cavity were

changed from θ= 0°, to 10°, 30° and 45°. Noteworthy, due to the non-

buoyancy condition of the experiment, only the angle relative to the

flow matters. Hence, this angle could be both yaw angle and tilt angle

of the cavity.

The tests were conducted in a recirculating water channel at the

University of Adelaide, which can generate free stream velocity of up to

0.3 m/s. The water tunnel test section is made of acrylic, with a length

of 2.0 m and a cross-section of 0.5 m × 0.5 m. The experimental device

is submerged in water and is supported using a low blockage frame.

The experimental models were scaled-down from a full-scale con-

cept design using well-established similarity principles [30]. In this

case, it was based on constant velocity ratio between the jet and ex-

ternal fluids, together with maintaining a turbulent Reynolds number in

the internal jets. A common range of the jet velocity exit for different

fuels including methane, propane and ethylene is 100 m/s [31].

Therefore, to satisfy the kinematic similarity in the jet exit and the

aperture, the velocity ratio of the flow in the nozzle exit and aperture

must be the same in the model and the prototype. Further, to mimic

wind speeds of 9, 6, 3 and 0 m/s, for the jet exit velocity of 2.8 m/s in

experiments corresponding to a jet Reynolds number of 10500, the

velocity of the water channel was set to 0.24, 0.16, 0.08 and 0.0 m/s,

respectively.

The blockage ratio of the test rig to the test section of the water

channel was 7.2%, which is small enough to prevent any significant

influence from the walls of the water channels. The water supplied to

the jets was pumped from the reservoir of the water channel with a

horizontal multi-stage pump (Calpeda MXHM 202E) close coupled to

two glass tube flowmeters (ABB ¾’-21-G-10/83) with a float (3/4

GUSVT-511). The outlet of each flow meter was connected to a dis-

tribution manifold system that divided the flow equally into two flows.

The flow was provided to the jets via four flexible tubes of equal length.

The volume flow rate to all four jets was set to 1.4 Lt/min and, as noted

above, resulting in a jet inlet velocity of 2.8 m/s and a Reynolds number

=( )Re V D
μ
j j

of 10,500. The flow rate to each jet was measured to en-

sure that the flow rate through each jet was equal to within±1%. The

length of perfectly straight pipes was set to 150 mm (>40 diameters)

and each was connected to a gently curved flexible hose more than 100

diameter, which is sufficient to closely approach a fully developed pipe

flow [32].

2.2. PIV system and image processing

The main components of the PIV system are a laser source, a camera

and a pulse generator, as illustrated schematically in Fig. 3. A laser

sheet of ~2 mm thickness generated from the second harmonic of a

double-pulsed Nd: YAG laser source at 532 nm wavelength was aligned

horizontally with the mid-plane of the cylinder. The camera field of

view, as highlighted with green color in Fig. 2, was ×50 mm 80 mm
(inside the cavity) and ×30 mm 30 mm (outside the cavity) to provide

a spatial resolution of ×0.05 mm 0.05 mm for each pixel. For the ex-

perimental case of αj = 25°, γj = 5° the measured area was reduced to

×40 mm 80 mm due to the restricted view caused by the supply pipes.

Due to the restrictions caused by the material used in the aperture face,

no visualisation of the internal flow was possible in the region closer

than 15 mm from the aperture plane. However, the mass flow rate

through the aperture was determined by measurements immediately

upstream from the aperture (0.05 mm).

The flow was seeded with Dantec polyamide seeding particles,

having a mean diameter of 50 μm, the density of which corresponded to

1.03 g/cm3. The seeding particles were added to the water in the re-

servoir of the water channel at the start of the test campaign. This was

sufficient to provide good seeding for the region of interest, given that

detailed measurement of the jet exit plane could be avoided by selection

of a fully developed pipe flow as the inlet condition.

The movement of the tracer particles was captured and recorded

using a scientific Complementary Metal-Oxide Semiconductor (sCMOS)

camera (Andor Zyla 5.5) with 5.5-megapixel resolution. The camera

was positioned right the side of the water channel and captured the Mie

scattering from the particles in the flow via a reflection on a mirror

underneath the water channel oriented at a 45-degree angle to the

viewing plane (as shown in Fig. 3, below). The images were acquired at

a rate of 15 Hz for all measurements with a separation time between

laser pulses of 4 ms and 0.15 ms for the measurements outside and

inside the chamber, respectively. The Andor SOLIS image capturing

software was used for image recording through a computer using a

pulse generator (Berkeley Nucleonics, Model 565) to synchronize the

laser and the camera. For each measurement case, 600 and 250 suc-

cessive image pairs were captured for internal and external measure-

ments, respectively. The images were processed using PIVlab [33] and a

Table 1

Values of the geometric parameters of the experimental configurations.

Geometric Parameter Value

Lc 225 mm

Dc 74 mm

Lj 150 mm

Wout 3 mm

θ 0°, 10°, 30°, 45°

Dj 3.35 mm

Dap 18.5 mm, 24.6 mm, 37 mm

αj 25°,50°

γj 0°, 5°

Table 2

Details of the experimental conditions. Apertures with a diameter of 18.5 mm,

24.6 mm and 37 mm are referred to by the letters, S (for small), M (for medium)

and L (for large), in their respective Case Reference names.

Case Ref. αj [°] γj [°] Dap [mm] θ [°] Velocity of the water channel,

Vs [m.s
−1]

C25-0-M-0 25 0 24.6 0 Blocked aperture (B), 0.0, 0.08,

0.16, 0.24C25-5-M-0 25 5

C50-0-M-0 50 0

C50-5-M-0 50 5

C25-0-S-0 25 0 18.5 0 0.0, 0.08, 0.16, 0.24

C25-0-L-0 37

C25-0-M-10 24.6 10

C25-0-M-30 30

C25-0-M-45 45
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Fast Fourier Transform (FFT) cross-correlation algorithm applied to a

32 × 32 pixel interrogation window with 50% overlap.

The mass flow rate through the aperture was quantified by an in-

tegral of the velocity profiles as shown in Eq. (1) [34].

=m V dAap
A

ap
ap (1)

2.3. Uncertainty

The uncertainties of the measurements were estimated from the

precision of the instruments and measuring techniques, as well as from

the uncertainty in the dimensions of the experimental models. The

experimental models were manufactured with a tolerance of± 0.1 mm

linear and± 0.5° angular. The measurement uncertainty arising from

the flowmeters was estimated to be ~1%. The measurement error of the

stream velocity of the water channel was found to be 0.8%. The overall

uncertainty associated with the PIV measurements were assessed

through a systematic study. To find out a sufficient number of image-

pairs, in order to achieve a statics independency, a sensitivity study was

carried out. A set of 1200 image-pairs of successive images was taken

for both internal and external measurements. The results from the in-

ternal measurements showed less than 1% difference in central velocity

decay when the number of image pairs exceeded 600 pairs. While for

the external flow measurements the difference in the velocity profile in

the proximity of the aperture was less than 1% for more than 250

image-pairs. Therefore, 600 and 250 successive image pairs were used

for internal and external measurements, respectively. The error caused

by the inaccuracy of the spatial resolution was determined to be less

than 1.25% as a result of using a grid plate with 1 mm × 1 mm for

calibration. The spatial particle image processing error was estimated to

be around 1/10 of the seed particle diameter [35]. Therefore, the ex-

perimental error in velocity measurements caused by the particle size,

which is 50 μm, is 5 μm in every laser pulse. The average particle

displacement based on the delay time between successive image pairs

within the central region of the cavity, where the highest velocity of the

flow occurs, is 1.12 mm. Hence, the experimental error in velocity

measurements caused by the particle size is 0.4%. The mean particle

displacement in each laser pulse is approximately 11–13 pixels which is

0.375 of the interrogation length. The overall uncertainty associated

with the spatial correlations and time-averaged measurements is less

than 4% [36]. The overall uncertainty of the measured mean velocities

for the present study was therefore estimated to be less than± 5%

based on the method of Cox and Baybutt [37].

3. Results and discussion

3.1. Mean flow fields

1. Radial profiles of the normalized mean axial and radial velocity

Figs. 4–7 present the averaged radial profiles of the mean axial (Vx)

and radial (Vy) velocities, normalized by the nozzle bulk exit velocity

(Vj), at four cross-sections along the centreline of a cylindrical cavity for

C25-0-M-0, C25-5-M-0, C50-0-M-0 and C50-5-M-0, respectively. Data

are presented at four locations judged to concisely represent the flow,

although data for other locations are also available. Each figure pre-

sents the two velocity components for the three cases, one for blocked

aperture and two for an opened aperture with Vs = 0.0 m/s and

Vs= 0.24 m/s. Results from Vs= 0.08 m/s and 0.16 m/s test cases are

not shown for brevity. The cross sections are at four axial distances

along the cavity in the plane (x, y) as labelled in Fig. 2.

Fig. 4(a) reveals that the axial velocity profile for the blocked

aperture case has two peaks at three sections upstream from the jet’s

impingement point at x/Lc = 0.17, 0.22 and 0.29. Downstream from

the point where the jets interact and merge, the axial velocity profile

exhibits only one peak at the centreline (r/Dc= 0). This corresponds to

x/Lc = 0.39. This feature of a combined jet on the centreline is well

known from previous work [18]. From Fig. 4(b) it can be seen that the

direction of the radial velocity, Vy, on two sides of the centreline, is

reversed, while the magnitudes of the radial velocities at two sides are

similar in different sections. Since the values of the axial velocities on

two sides of the centreline are the same, this implies the presence of a

symmetrical mean flow within the cavity.

From Fig. 4(c) it is clear that the shape of the axial velocity profile

for the blocked aperture is similar to that for the opened aperture and

Vs = 0.0 m/s. However, at section x/Lc = 0.17 it is clear that the

normalized axial velocity, for the case with the external velocity of

0.24 m/s, is 5 times larger than that of the blocked aperture case. By

comparing Fig. 4(b) and (d), it is concluded that the external flow has a

major effect on the radial velocity profile in the different sections. For

instance, at section x/Lc= 0.22, the maximum radial velocity occurs at

r/Dc = 0.1, while by opening the aperture, the peak velocity occurs at

r/Dc = 0.02. However, the magnitude of the radial profile is small

compared with the axial velocity. Hence, the flow patterns, as is shown

in more detail below (Fig. 9), do not change significantly with the

change of the radial velocity profile.

From Fig. 5(a), corresponding to the non-swirling jet with an in-

clination angle of 50°, it is clear that the axial velocity profiles feature

one peak in the centreline at x/Lc = 0.15. This implies that these

measurement planes are downstream from the impingement point.

Further downstream from the aperture, at x/Lc=0.22 and x/Lc=0.30,

the axial velocity profile exhibits one peak with lower velocity mag-

nitude indicating the velocity decay along the centreline of the cavity.

While the shape of the profiles are not influenced significantly by the

opening or closing of the aperture, or increasing the external velocity,

nevertheless the influence on the magnitude of the normalized axial

velocity is significant. The magnitude of the axial velocity in the cen-

treline of the cavity, at the point where the combined jet is formed,

increases. This indicates that the external ‘wind’ directed into the cavity

strengthens the resulting jet flow in the centre of the cavity.

Fig. 5(b), (d) and (f) indicate that the radial velocity profile changes

Fig. 3. Schematic diagram and photograph of the PIV setup.
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significantly in |r/Dc| = 0.2 to 0.3 at x/Lc= 0.11 from negative values

to positive values as a result of opening the aperture and the in-

troduction of the external velocity. This also implies that the location of

the recirculation zones changes by opening the aperture and increasing

the external velocity.

Fig. 6(a) presents the case for blocked aperture and swirling case

with an inclination angle of 25°. It can be observed that the axial ve-

locity is negative at the axial position of x/Lc= 0.39. The negative axial

velocity indicates that a large scale vortex with inward rotation termed

Central Recirculation Zone (CRZ) is formed in this section. By opening

the aperture, as shown in Fig. 6(c) and (e), the axial velocity at x/

Lc = 0.39 is no longer negative. This implies that a large-scale vortex

with outward rotation, termed the External Recirculation Zone (ERZ)

expands streamwise and the CRZ moves further downstream. Fig. 6(b),

(d) and (f) show, for closed aperture and opened aperture cases, that the

magnitude of the radial velocity profiles, at different sections, in two

sides of the centreline are similar with reversed direction.

Fig. 7 presents the case for the swirling nozzle, αj = 50° and an

azimuth angle of 5°. The figure shows that the axial velocity profile

exhibits a double peak, consistent with the swirling case for αj = 25°.

Fig. 4. Radial profiles of the normalized mean axial velocity, Vx/Vj, and normalized mean radial velocity Vy/Vj, at four cross-sections along the centreline of a

cylindrical cavity, where αj=25° and γj= 0°, for the cases of (a) Vx/Vj, blocked aperture, (b) Vy/Vj blocked aperture, (c) Vx/Vj, opened aperture Vs= 0.0 m/s (d) Vy/

Vj, opened aperture Vs = 0.0 m/s (e) Vx/Vj, opened aperture Vs = 0.24 m/s, (f) Vy/Vj, opened aperture Vs = 0.24 m/s.
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Negative values of the axial velocity can also be seen at x/Lc = 0.30

indicating the presence of a CRZ. The axial velocity profile for the

blocked case has two peaks at the distance where the jets interact.

Consistent with the finding of Long et al. [20], the combined jet is di-

vergent for cases with jets oriented with an azimuth angle and is not

formed on the centreline of the cavity.

The velocity profiles in Figs. 4–7, show that the changes to flow

structure within a cavity are influenced by changes to the inclination

and azimuth angles of the jets rather than by the magnitude of the

external flow over the ranges of conditions assessed here. By comparing

the mean axial velocities presented in the right-hand columns of Fig. 4

with those in Fig. 6, and similarly Fig. 5 with Fig. 7, it can be seen that,

for the fixed inclination angle, increasing the azimuth angle of the jet

from 0° to 5°, changes the general flow structure. These changes are

related to the position of ERZ and CRZ and the strength of the resulting

jet. As for the swirling cases with an azimuth angle of 5°, for both in-

clination angles of 25° and 50°, the velocity profiles reveal the presence

of a CRZ. This is consistent with the finding from a previous study of the

rotational jets within a cylindrical chamber [20]. The generation of a

CRZ is typically desirable in many combustion processes because it is

Fig. 5. Radial profiles of the normalized mean axial velocity, Vx/Vj, and normalized mean radial velocity Vy/Vj, at four cross-sections along the centreline of a

cylindrical cavity, where αj=50° and γj= 0°, for the cases of (a) Vx/Vj, blocked aperture, (b) Vy/Vj blocked aperture, (c) Vx/Vj, opened aperture Vs= 0.0 m/s (d) Vy/

Vj, opened aperture Vs = 0.0 m/s (e) Vx/Vj, opened aperture Vs = 0.24 m/s, (f) Vy/Vj, opened aperture Vs = 0.24 m/s.
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typically associated with a high rate of heat release and a stable and

compact flame [38], while the location of the CRZ has an impact on the

interaction with the external flow.

2. Measured contours, vectors and streamlines within the cavity

Fig. 8 presents the contours of the ensemble averaged axial velocity

(Vx) normalized by the nozzle exit velocity (Vj) for different experi-

mental conditions and for C25-0-M-0 configuration. The operating

conditions presented include: (a) blocked aperture and open aperture

with different stream velocities of (b) Vs = 0.0 m/s, (c) Vs = 0.08 m/s,

(d) Vs = 0.16 m/s and (e) Vs = 0.24 m/s in the midplane (Z = 0) of the

cavity. Fig. 9 presents the measured ensemble averaged streamline to-

pology for the same experimental cases as presented in Fig. 8 and in the

same plane. The streamlines are labelled with arrows showing the flow

direction. It is worth noting that the measuring plane is in between the

two jet planes (Fig. 2). Here, the jet impingement point (Pi) is defined as

the location of the maximum mean axial velocity along the centerline of

the cavity. The stagnation point (Ps) is defined as the location of zero

velocity point along the centreline of the chamber. The point of

minimum axial velocity (Pmin) is the location of the minimum mean

axial velocity along the centreline.

Fig. 6. Radial profiles of the normalized mean axial velocity, Vx/Vj, and normalized mean radial velocity Vy/Vj, at four cross-sections along the centreline of a

cylindrical cavity, where αj=25° and γj= 5°, for the cases of (a) Vx/Vj, blocked aperture, (b) Vy/Vj blocked aperture, (c) Vx/Vj, opened aperture Vs= 0.0 m/s (d) Vy/

Vj, opened aperture Vs = 0.0 m/s (e) Vx/Vj, opened aperture Vs = 0.24 m/s, (f) Vy/Vj, opened aperture Vs = 0.24 m/s.
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From Fig. 8, it can be seen that mean flow fields for all cases are

symmetrical. For the blocked aperture case presented in Fig. 8(a), it can

be seen that jets interact at point x/Lc 0.24 to form a combined jet.

The resulting jet spreads along the centerline. This is consistent with the

results presented in previous studies [19,39] for inclined jets in a

confined flow. As can be seen from Fig. 8(b), opening the aperture has

little influence on the flow structure within the cavity. However, it

generates a zone of positive velocity fluid immediately downstream

from the aperture, which is associated with the induction of ambient

fluid into the cavity, even for Vs = 0.0 m/s. This implies that the

pressure in the cavity is lower than that of the ambient fluid. The ve-

locity contours in the vicinity of the aperture in Fig. 8(b)–(e) exhibit

higher velocities in this region compared with the blocked aperture.

This shows that increasing the external velocity augments the induction

of external fluid into the cavity, consistent with the direction of the

wind being the same as that of the axial component of the jets.

From Fig. 9, it is clear that opening the aperture leads to a quali-

tative change to the topology of the streamlines near to the aperture

plane and in the centre of the cavity. The direction of the streamlines

reverses from being directed upstream with aperture closed, to

Fig. 7. Radial profiles of the normalized mean axial velocity, Vx/Vj, and normalized mean radial velocity Vy/Vj, at four cross-sections along the centreline of a

cylindrical cavity, where αj = 50° and γj = 5°, for the cases of (a) Vx/Vj, blocked aperture, (b) Vy/Vj blocked aperture, (c) Vx/Vj, opened aperture Vs= 0.0 m/s (d)

Vy/Vj, opened aperture Vs = 0.0 m/s (e) Vx/Vj, opened aperture Vs = 0.24 m/s, (f) Vy/Vj, opened aperture Vs = 0.24 m/s.
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downstream with it open. This observation suggests that the position of

the neutral pressure plane relative to ambient is not the same with the

aperture opened and closed. The majority of the imaged region inside

the cavity is associated with the ERZ.

Fig. 10 presents the contours of the ensemble-averaged axial velo-

city (Vx) normalized by the nozzle exit velocity (Vj) in the mid-plane

(Z = 0) of the cavity, for different experimental configurations of C25-

5-M-0, C50-0-M-0 and C50-5-M-0. The three figures on the left side

correspond to the blocked aperture condition, while the middle and

right side figures depict the cases for an open aperture and an external

velocity of Vs = 0.0 m/s, and Vs = 0.24 m/s, respectively. Similar

trends are observed for other external velocities (Vs), but are not re-

ported for brevity. Fig. 11 presents the corresponding mean streamline

patterns for the same set of conditions.

Fig. 10(a), which corresponds to αj = 25° and γj = 5°, shows that

the jets interact with each other on the centreline of the cavity. In

contrast to Fig. 8(a), the issuing jets do not merge at the centerline of

the cavity but diverge after encountering each other, consistent with

previous studies of the jets with an azimuth angle [20,29]. Opening the

aperture, as it is shown in Fig. 10(b), leads to a portion of the external

flow being transferred into the cavity through the aperture. Therefore,

the velocity on the centerline of the cavity increases over the range

0.07 < x/Lc < 0.16. From Fig. 10(c) one can see that increasing the

velocity of the external counter-flow accelerates the flow through the

aperture and increases the flow velocity on the centerline of the cavity

over the range 0.07 < x/Lc < 0.16.

Fig. 10 (d) shows that jets merge at the centre of the cavity to form a

combined jet at x/Lc = 0.11 for the jet configuration αj = 50° and

γj= 0°. However, the corresponding image in Fig. 11(d) shows that the

flow is not truly symmetrical but exhibits some slight asymmetry. This

suggests that the flow is quite sensitive to minor asymmetries in the

configuration.

As it can be seen from Fig. 10(d) opening the aperture does not

change the qualitative flow pattern inside the cavity significantly.

Nevertheless, some quantitatively differences are evident, as is reported

below in Fig. 12. Furthermore, in the open aperture case with no ex-

ternal flow, the resulting jet is formed slightly downstream at x/

Lc= 0.13. A further increase in the external velocity to Vs= 0.24 m/s,

causes the resulting jet to shift even further downstream to x/Lc= 0.15.

From Fig. 10(g) it is clear that the jets encounter each other at the

centerline of the cavity at x/Lc= 0.12, for the blocked aperture of C50-

5-M-0. However, the resulting jet diverges away from the centreline,

consistent with previous work [29]. Fig. 10(h) and (i) show that

opening the aperture does not change the qualitative flow pattern in-

side the cavity significantly. However, qualitatively, it does increase in

the velocity at the centerline of the cavity.

From Fig. 11(a)–(c), it can be seen that the dominant feature within

the imaged region in the upstream of the cavity is ERZ for C25-5-M-0.

Nevertheless, a CRZ is observed from Fig. 11(a) in the region down-

stream from x/Lc 0.32. The blue cross in the figure indicates the

stagnation point (Ps) at x/Lc= 0.32. Fig. 11(b) shows that opening the

aperture causes the ERZ to expand and the stagnation point to be

translated further downstream to x/Lc = 0.38. An increase in the ex-

ternal velocity to Vs = 0.24 m/s (Fig. 11c) extends the ERZ across the

entire imaged area. For this case, the stagnation point is deduced to be

located downstream from the imaged region x/Lc > 0.42.

Fig. 11(d)–(f) show that the imaged region for C50-0-M-0 config-

uration is entirely dominated by the ERZ. This is consistent with the

non-swirling case of C25-0-M-0. The centre of the recirculation zone for

the blocked aperture case is at found x/Lc= 0.31. When the aperture is

opened the centre of ERZ shifts further downstream to x/Lc = 0.41.

Increasing the external velocity to Vs = 0.24 m/s, leads the recircula-

tion zone to expand such that the centre of the recirculation zone shifts

further downstream. Noteworthy, from Fig. 11(f) is that the centre of

Fig. 8. Contours of the measured normalized mean axial velocity (Vx/Vj) for the case with αj= 25° and γj= 0° for the conditions of: (a) blocked aperture, (b) opened

aperture, Vs = 0.0 m/s, (c) opened aperture, Vs = 0.08 m/s, (d) opened aperture, Vs = 0.16 m/s and (e) opened aperture, Vs = 0.24 m/s.

Fig. 9. Measured ensemble averaged streamlines for the experimental cases of C25-0-M-0 for (a) Blocked aperture(b) opened aperture, Vs = 0.0 m/s, (c) opened

aperture, Vs = 0.08 m/s, (d) opened aperture, Vs = 0.16 m/s and (e) opened aperture, Vs = 0.24 m/s.
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the recirculation zone is outside the imaged area and is likely to be

located downstream from the imaged zone (x/Lc > 0.42).

From Fig. 11(g) both the ERZ and CRZ can be observed in the im-

aged area with a stagnation point at x/Lc= 0.26 for the blocked case of

C50-5-M-0. Opening the aperture causes the stagnation point to shift

further downstream to x/Lc = 0.34. Increasing the external flow ve-

locity to Vs = 0.24 m/s (Fig. 11i) then translates the stagnation point

further downstream to beyond the imaged area, x/Lc > 0.42.

The influence of the jet configuration on the flow pattern inside the

cavity can be observed from Figs. 8–11. For the non-swirling flows,

increasing the inclination angle from 25° to 50° causes the interaction

point to move closer to the aperture, consistent with trends observed in

the previous study [19]. However, the positions are different, as already

noted.

Fig. 10. Contours of the measured normalized mean axial velocity for the experimental cases of C25-5-M-0 (first row), C50-0-M-0 (second row) and C50-5-M-0 (third

row), for the blocked aperture, and opened aperture with Vs = 0.0 m/s and Vs = 0.24 m/s in the left, middle and right side, respectively.
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From Figs. 9 and 11, it can be observed that the extent of the an-

nular ERZ extends across the entire imaged area for the non-swirling

jet. However, introducing a 5° swirl, generates both a CRZ and an ERZ.

This observation is in good agreement with the previous studies on

turbulent annular jets [20,29].

To summarise the observation from the flow contours and stream-

lines, it is apparent that the influences of both the jet inclination angle

and jet azimuth angle on the qualitative flow patterns within the cavity

are consistent with previous work. That is, opening the aperture and

introducing an external flow over the range of velocities assessed here

have little qualitative influence on the flow inside the cavity, except for

the region in the vicinity of the aperture. This particular nozzle con-

figuration generates an overall negative pressure in the aperture plane

when it is open, inducing a strong inflow into the cavity that is

Fig. 11. Measured ensemble averaged streamlines for the experimental cases of C25-5-M-0 (first row), C50-0-M-0 (second row) and C50-5-M-0 (third row), for the

blocked aperture, and opened aperture with Vs = 0.0 m/s and Vs = 0.24 m/s in the left, middle and right side, respectively.
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augmented by the wind, since these flows are in the same direction. It

further suggests that control of the back-pressure in the chamber has

potential to mitigate the amount of induced flow.

3. Normalized axial velocity decay along the centreline of the chamber

Fig. 12 presents the experimental results for the time-averaged

streamwise spatial variation of the normalized axial velocity along the

centreline of the cavity from x/Lc = 0.07 to x/Lc = 0.42 and for the

different experimental cases of C25-0-M-0, C25-0-M-0, C50-0-M-0 and

C50-5-M-0. As can be seen in Fig. 12, the magnitude of the external flow

does not change the general trend of the normalized velocity along the

centreline of the cavity. However, for the cases with αj = 25°, an in-

crease in the velocity can be seen in the region close to the aperture

(from x/Lc = 0.07 to x/Lc = 0.15).

The influence of the external velocity on the axial velocity profile

along the centreline in the swirling experimental cases is small, as is

apparent from Fig. 12. Increasing the external flow for swirling cases

moves the stagnation point progressively toward the rear of the cavity.

The effect of the configuration of the jets on the mean axial velocity

(Vx/Vj) profiles can also be inferred from Fig. 12. The impinging point

(defined as the location of the maximum mean axial velocity along the

centreline of the chamber) can be seen to occur at x/Lc = 0.38 for the

blocked aperture condition with αj= 25° and γj= 0° (Fig. 12a), with a

magnitude of Vx/Vj = 0.16, while it is located at x/Lc = 0.21 for the

case with αj= 25° and γj= 5°, with a magnitude of Vx/Vj= 0.06. For

the case with αj = 50°, the stagnation point changes little from x/

Lc = 0.14 to 0.13, for the different azimuth angles of 0° and 5°, re-

spectively. However, the corresponding magnitude of the maximum

normalized axial velocity decreases significantly from 0.19 to 0.12. This

implies that the azimuth angle of the jet can significantly influence the

strength of the “resulting jet”. These results are consistent with those

Fig. 12. Evolution of the mean axial velocity (Vx) normalized by the bulk mean jet exit velocity (Vj) along the centreline of the cavity for the different cases of (a)

C25-0-M-0, (b) C25-5-M-0, (c) C50-0-M-0 and (d) C50-5-M-0 for a blocked aperture and an open aperture with stream velocities of Vs= 0.0, 0.08, 0.16 and 0.24 m/s.
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presented previously [20]. It also can be seen that the position of the

impingement point progresses toward the aperture from x/Lc= 0.30 to

x/Lc = 0.14 as αj increased from 25° to αj = 50° without swirl, for

which the magnitudes are 0.16 and 0.19, correspondingly. The position

of the impinging point, changes from x/Lc= 0.21 to x/Lc= 0.13 with a

magnitude of 0.06 to 0.16, for the swirling cases with γj = 5°, for in-

clination angles of αj = 25° and αj = 50°, respectively. This shows the

extent to which the strength of the resulting jet depends on the in-

clination angle.

The location of the impingement and minimum velocity points re-

lative to the aperture has a direct impact on the size of the recirculation

zones inside the cavity and its proximity to the aperture. This, in turn,

influences the convective losses from the cavity. Fig. 13 presents the

normalized location of both the jet impingement and the minimum

velocity points within the imaged plane along the centreline of the

cavity for experimental cases of C25-0-M-0, C25-5-M-0, C50-0-M-0 and

C50-50-M-0. The impingement point is observed to be dependent on the

jet configuration. As Fig. 13(a) shows for a given jet inclination angle of

25°, increasing azimuth angle from 0° to 5°, results in a 17% down-

stream movement of Pi. For the jet inclination angle of 50°, the change

in azimuth angle results in a negligible change in the location of the

impingement point. It can also be seen that, for a given azimuth angle

of 0°, increasing the inclination angle from 25° to 50°, leads to a 23%

upstream movement of the impinging point. Moreover, it can be seen

from Fig. 13(b) that, for both αj= 25° and 50°, increasing the azimuth

angle from 0° to 5° shifts the location of the minimum velocity point

slightly upstream.

3.2. Turbulence intensity

Figs. 14 and 15 present the evolution of normalized axial RMS (root-

mean-square) velocity (Vxrms /Vj) and the normalized radial RMS ve-

locity (Vyrms /Vj) for the case of C25-0-M-0 and C25-5-M-0, respectively,

at four cross sections within plane (x,y), for a blocked aperture and an

open aperture with stream velocities of Vs= 0.0 m/s and Vs= 0.24 m/

s. From Fig. 14, for both the axial and radial RMS velocity, it can be

seen that opening the aperture changes the RMS velocity profiles only

slightly. Fig. 14(a) also shows that the axial RMS velocity has two peaks

at |r/Dc| = 0.14 while in Fig. 14(b), the maximum axial RMS velocity

occurs at |r/Dc| = 0.19. Furthermore, opening the aperture only

changes the shear layers of the flow slightly.

In contrast, Fig. 15 shows that the magnitude of the axial RMS ve-

locity changes significantly by opening the aperture for the swirling

case with a 5° azimuth angle. For instance, at the section x/Lc = 0.39,

the peak magnitude of the normalized axial RMS velocity is increased

by 75% from 0.04 for the blocked aperture case to 0.07 for the open

aperture case with Vs= 0.0 m/s. It is possible that this increase may be

caused by greater oscillation in the flow for the open aperture, although

this is yet to be assessed. The impact on the combustion process will

also need to be evaluated.

3.3. Flow through the aperture

Fig. 16 presents the measured radial distribution of the mean ve-

locity at 0.05 mm upstream of the aperture normalized by the nozzle

bulk exit velocity for C25-0-M-0. It can be seen that the velocity

through the aperture increases with increasing the magnitude of the

external velocity in the axial direction. It is noteworthy that there is no

backflow through the aperture i.e. the velocity through the aperture is

always positive. This implies that the back-pressure in the cavity could

be increased significantly to reduce the entrained inflow. Such an

“offset” to the aperture velocity profile could be significant before any

of the flow were to become “negative” (i.e. to result in part of the fluid

being ejected from the edges of the aperture). The horizontal lines in

the figure indicate the minimum normalized velocity through the

aperture in the edges of the aperture for each external velocity. By

identifying this point, it is possible to estimate how much the induced

flow through the aperture could be reduced through changes to the

back pressure. This approach has strong potential to greatly reduce the

mass of entrained air into the cavity. The potential normalized mass

flow rate reduction through the aperture (m )red for each case is pre-

sented in Table 3.

The fluid pressure at the outlet could be calculated by estimating the

average velocity at the outlet of the cavity. The ratio of the maximum

possible pressure changes to the fluid pressure at the outlet of the

cavity, before inducing any back flow through the aperture

( =R P P/p ap outlet) for each external velocity, are also presented in Table 3.

It can be seen that by doubling the back-pressure, the normalized mass

flow rate through the aperture decreases significantly. For instance, for

Vs = 0.0 m/s, by increasing the back-pressure by 90% the mass flow

rate through the aperture could be potentially decreased by 56% to

0.11.

The mass flow rate through the aperture was calculated using a

second order polynomial curves fitted to each set of the measured radial

mean velocity. The curve coefficients are listed in Table 3 in the form of

the mean velocity (Vap) as a function of the radial distance from centre

of the aperture (r), along with the corresponding R2. Using equation (1),

the mass flow rate through the aperture is calculated for each

Fig. 13. Normalized location of (a) the jet impingement point (Pi), (b) the minimum velocity point (Pmin) along the centerline of the cavity. Each figure is presented

for four configuration, each with a blocked aperture and an open aperture case with a free stream velocity of Vs = 0.0 m/s and 0.24 m/s.
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experimental case. To ensure the accuracy of the mass flow calcula-

tions, the velocity profiles in different radial sections of the aperture

were measured by rotating the whole test rig. The measured velocity

were within± 2% difference from each other. Hence, the Z = 0 plane,

as indicated in Fig. 2, was used for all mass flow measurements.

1. Effect of external velocity

Fig. 17 presents the calculated mass flow rate through the aperture

of the cavity (map) normalized by the total mass flow rate through the

four jets (mj) for all experimental conditions. From the figure, it can be

seen that for all cases with an open aperture and an external velocity of

0.0 m/s, the normalized mass flow rate is more than 22%. This implies

that the flow entrainment, even for the cases of no external flow, is

significant. It can also be observed that increasing the external flow

velocity leads to an increase in the mass flow entering the cavity

through the aperture for all cases, although the extent of the increase

depends on both angles of the nozzle. For instance, for the case of

αj = 25°, γj = 0°, by increasing the external velocity from 0.08 m/s to

0.16 m/s, the normalized mass flow rate increases from 31% to 37%. In

Fig. 14. Radial profiles of the normalized axial RMS velocity, Vxrms/Vj, and normalized radial RMS velocity Vyrms/Vj, at four cross-sections along the centreline of a

cylindrical cavity, where αj = 25° and γj = 0°, for the cases of (a) V xrms/Vj, blocked aperture, (b) Vyrms/Vj, blocked aperture, (c) Vxrms/Vj, opened aperture

Vs = 0.0 m/s (d) Vyrms/Vj, opened aperture Vs = 0.0 m/s (e) Vxrms/Vj, opened aperture Vs = 0.24 m/s, (f) Vyrms/Vj, opened aperture Vs = 0.24 m/s.
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addition, the maximum mass entrainment through the aperture occurs

for αj = 25°, γj = 5°. The reduced mass entrainment for the experi-

mental cases with an inclination angle of 50°, can be related to the

impinging point of the jets which is close to the aperture. The formation

of the combined jet close to the aperture mitigates the mass flow en-

trainment into the cavity in the lower external velocities.

To quantify the relationship between the normalized mass flow rate

and the velocity of external flow, a simple linear function is derived for

each jet configuration. Table 4 presents these equations for each of the

considered cases. The influence of the velocity of the external flow on

the mass flow through the aperture could be estimated by using the

equations.

2. Effect of the tilt angle

Fig. 18 presents the influence of the tilt angle to the external flow

direction on the normalized mass flow rate through the aperture for the

case of αj= 25°, γj=0° and for Vswithin the range 0.08 m/s to 0.24 m/

s and for θ in the range of 0° to 45°. It can be seen that increasing the

velocity of external flow causes an increase in the mass flow rate

Fig. 15. Radial profiles of the normalized axial RMS velocity, Vxrms/Vj, and normalized radial RMS velocity Vyrms/Vj, at four cross-sections along the centreline of a

cylindrical cavity, where αj=25° and γj= 5°, for the cases of (a) Vxrms/Vj, blocked aperture, (b) Vyrms/Vj, blocked aperture, (c) Vxrms/Vj, opened aperture Vs= 0.0 m/

s (d) Vyrms/Vj, opened aperture Vs = 0.0 m/s (e) Vxrms/Vj, opened aperture Vs = 0.24 m/s, (f) Vyrms/Vj, opened aperture Vs = 0.24 m/s.
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through the aperture, for all measured tilt angles. However, for dif-

ferent stream velocities, the mass flow rate changes are not correlated

with the variation of the tilt angle. By changing the tilt angle up to 10°,

the variation in total flow, for fixed external velocity, is negligible. As

the tilt angle increases, two different flow behaviours are observed. For

Vs= 0.08 m/s, the amount of mass flow rate remains roughly constant

and for Vs = 0.16 m/s and 0.24 m/s it increases by 8% and 15%,

respectively. It appears that the flow is penetrating the upper corner of

the aperture and changing the symmetry flow pattern inside and then

penetrate into the chamber.

3. Effect of aperture diameter

Fig. 19 shows the mass flow rate through the aperture of the cavity

(map) normalized by the total mass flow rate through the four jets (mj).

The test were conducted for the jet configuration where αj = 25°,

γj = 0° and stream velocities of Vs = 0.0, 0.08, 0.16 and 0.24 m/s for

different aspect ratio of the aperture to the cavity (AR), namely 0.25,

0.33, and 0.50. As the figure shows for AR = 0.25 and Vs = 0.0 m/s,

the normalized mass flow rate entrainment through the aperture is

10%.

As Fig. 19 illustrates, increasing the aperture ratio leads to a sig-

nificant increase in the mass flow rate through the aperture. A notable

result is that for AR= 0.5, even for Vs= 0.0 m/s, the normalized mass

flow rate is 0.52. That is, the need to mitigate mass entrainment

through the aperture becomes increasingly significant with larger

aperture ratios. Furthermore, as expected, the mass flow rate increases

further by an increase in the velocity of the external flow.

4. Conclusions

The PIV technique was used in this study in order to quantify the

influence of jet configuration, external flow velocity, aperture ratio and

cavity tilt angle on the isothermal flow structure within a hybridized

cavity emulating a hybrid solar receiver and combustor. The main

findings are as follows:

Fig. 16. Measured radial distribution of the mean velocity at 0.05 mm up-

stream the aperture (Vap) normalized by the nozzle bulk exit velocity for C25-0-

M-0 and Vs = 0.0, 0.08, 0.16 and 0.24 m/s.

Table 3

Relationship between the mean measured velocity through the aperture (Vap)

and the radial distance from the center of the aperture (r) for C25-0-M-0 and

Vs = 0.0, 0.08, 0.16 and 0.24 m/s, corresponding R2, Rp and mred.

External velocity [m/s] Equation R2 Rp mred

Vs = 0.0 Vap = −271.2r2 + 0.0734 0.99 0.90 0.15

Vs = 0.08 Vap = −306.3r2 − 0.0893 0.97 1.02 0.18

Vs = 0.16 Vap = −334.4r2 + 0.102 0.98 1.17 0.23

Vs = 0.24 Vap = −356.5r2 + 0.116 0.98 1.18 0.28

Fig. 17. Normalized mass flow rate through the aperture of the cavity.

Table 4

The relationship between the normalized mass flow rate and the velocity of the

external flow.

Jet Configuration Equation R2

αj = 25°, γj = 0°
= +V0.75 0.25

map
mj s =R 1.002

αj = 25°, γj = 5°
= +V0.99 0.32

map
mj s =R 0.952

αj = 50°, γj = 0°
= +V1.06 0.21

map
mj s =R 0.972

αj = 50°, γj = 5°
= +V1.02 0.22

map
mj s =R 0.972

Fig. 18. Variation of the normalized mass flow rate through the aperture of the

cavity as function of the tilt angle θ for experimental cases where αj = 25°,

γj = 0° and with Vs = 0.08, 0.16 and 0.24 m/s, for different tilt angles of the

cavity where θ = 0°, 10°, 30° and 45°.

Fig. 19. The mass flow rate through the aperture of the cavity (map) normalized

by the total mass flow rate through four jets (mj ) for αj = 25°, γj = 0° and

stream velocities of Vs= 0.0, 0.08, 0.16 and 0.24 m/s for different aspect ratios

of AR = 0.25, 0.33 and 0.5.
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1- The flow structure within a cavity with an open aperture exhibits a

stronger dependence on the jet configuration than on the external

flow velocity or direction over ranges of the velocity ratios expected

to be relevant to HSRC application. The entrainment of external

flow through the aperture of the cavity does not change the quali-

tative features of the general flow within the cavity. However, it

induces some quantitative changes to the positions of the “stagna-

tion” and “impinging” points and magnitude of velocity;

2- The induced flow through the aperture is symmetrical and has a

parabolic profile. Hence although the mass of induced flow through

the aperture is significant for the present configuration, this could be

greatly reduced by increasing the back-pressure through the

chamber exit. For the open aperture case and external velocity of

0.0 m/s, the mass flow rate through the aperture normalized by the

total mass flow rate through four jets is approximately 22%

(αj = 25°, γj = 0°) and this increases to 58% (αj = 25°, γj = 5°) for

the case of Vs = 0.24;

3- Minimal effect is found on the jet velocity decay as a result of the

opening the aperture while a major increase of up to 75% in the

turbulence intensity was recorded perhaps due to the influence of

the external flow on the vortical dynamics inside the chamber.

4- An increase in the aspect ratio of the aperture to the cavity from

0.25 to 0.50, results in five times more mass entrainment through

the aperture related to the total mass flow rate through four jets;

5- The mass flow rate induced through the aperture also depends both

on the yaw angle of the cavity relative to the wind and the wind

speed. The extent of this dependence was quantified for the iso-

thermal case.

These results point the way toward developing a strategy to mitigate

the ingress of external air into the hybridized cavity receiver. This could

be done by managing the interaction of the internal and external flows

through controlling the back-pressure or using a fluidic seal in the

aperture. It is worth noting that due to the dominance of inertia over

buoyancy forces in confined reacting flows driven by jet mixing, the

findings of the current study in isothermal conditions are applicable to

the real-world application of hybrid solar receiver and combustors, in

which combustion happens inside the cavity.
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Chapter 7- 

Conclusions and future work 
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The main aim of this project is to develop innovative strategies to mitigate convective 

heat losses by means of adaptive air curtains, combining both blowing and suction. Both 

experimental and numerical methods were adopted to carry out the investigation. Further to 

this, the interactions of the flows inside and outside a hybrid cavity receiver have been 

investigated to provide an insight into the fundamentals of the air curtain design for cavities 

incorporating internal jets. This chapter outlines a summary of project conclusions and 

recommendations for future work. 

7.1 Conclusions 

The conclusions drawn from this study are categorised in the conventional cavity,  

7.1.1 Conventional cavity receivers 

 This study experimentally demonstrated, that deployment of an air curtain can 

significantly reduce the convective heat losses from cylindrical solar cavity receivers with 

wind. The numerical study was also utilised to provide further insights into the application of 

the air curtains for solar cavity receivers.  For a blowing air curtain cases considered here, it 

was found that:  

- The attack angle of the air curtain is a key controlling parameter of the blowing air 

curtain that has a significant effect on the performance of the air curtain. The results 

revealed that there is a trade-off between the capability of the air curtain to restrict 

the interaction of the flows inside and from the surroundings, and its potential to 

increase the convective heat losses by mixing between the curtain and the internal 

flows. Therefore, it is required that the curtain be discharged with a component 

toward the aperture plane, especially for the high speed curtain application. As a 
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result, 60% reduction in convective heat losses was reported for a cavity with an 

aspect ratio of 1.5, with a tilt angle of 15° equipped with an air curtain with a 

discharge angle of 30°.  

- Increasing the velocity of the air curtain increases the ability of the aerodynamic 

barrier to inhibit the hot gases from leaving the cavity and external cold air flowing 

into the cavity, thereby decreases the convective losses.  

- Increasing the wind speed, which results in the transition of the heat transfer regime 

to forced convection (1/Ri > 10), reduces the effectiveness of the blowing air 

curtain.  

- The comparison of cases with upward and downward blowing air curtains showed 

the better performance of the upward blowing air curtain than a downward blowing 

curtain for the buoyancy dominated heat transfer regime. The results show that for 

a horizontal cavity at a tilt angle of 0° at no wind condition, the upwards blowing 

air curtain was 47% more effective at reducing the convective heat losses than the 

downward blowing curtain. However, for the forced convection heat transfer cases, 

the difference between the upward and downward blowing curtains was negligible.   

- The results from numerical simulation for the cases we have considered here show 

that for the buoyancy dominated regime and head-on wind condition, the upward 

blowing air curtain expands the stagnation zone inside the cavity more than the 

downward blowing air curtain.  

- For a tilted cavity with an angle of 45°, the results provide evidence that the 

application of the blowing air curtain was reported to be ineffective especially at 

higher wind speeds (momentum dominated regime).  

For a suction air curtain, our data suggests that:  
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- Application of low momentum of suction flow across the aperture has typically 

more effectiveness than blowing, in momentum dominated regime cases.  

- The effectiveness of sucking air curtain, for a horizontal cavity, decreases with the 

inverse Richardson number, so that it can be reasonably effective in the buoyancy 

dominated regime, but is ineffective in the momentum dominant regime. 

- For a cavity receiver tilted downward at 45° and head on wind direction, the 

effectiveness improves with inverse Richardson number, either by increasing the 

wind speed or decreasing the temperature of the cavity, so that for 1/Ri = 43.6 a 

maximum effectiveness of 43% is achieved. 

- For a cavity receiver tilted downward at 45°, the most effective nozzle configuration 

identified for either a head-on wind or no wind is one suction nozzle positioned 

below the aperture. These yielded effectiveness of 83% and 43% for the buoyancy 

and momentum dominated regimes, respectively. The application of the air suction 

from three sides of the aperture (both lateral and one lower sides) significantly 

increases the convective heat losses.  

- For a horizontal cavity and head on wind condition, the trends of variation of 

effectiveness with nozzle configuration are similar to 45°, although the details are 

different. 

- For a cavity receiver tilted downward at 0°, 15°, 30° and 45°, the findings of the 

cases investigated here show that the effectiveness for a momentum dominated heat 

transfer regime, increases with suction flowrate. However, for no wind condition 

lower extraction is needed to prevent suction of cavity air.  

- For a cavity receiver tilted downward at 45° and cross wind condition, the most 

effective nozzle configuration identified for high inverse Richardson numbers is 
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one suction nozzle in the leeward position (i.e. directed across the aperture toward 

the wind). An effectiveness of 60% has been measured for this case.  

- For a cavity tilted at 45° downward and cross wind condition at the low inverse 

Richardson number, the side nozzle configuration increases the convective heat 

losses by more than 50%. 

- For the head-on wind and a cavity receiver tilted downward at 45°, the combination 

of blowing and suction air curtain with a variety of the fractional momentum flux 

of suction for 1/Ri = 43.6 (momentum dominated heat transfer) exhibits a 5% 

improvement in the effectiveness compared with suction only approach. However, 

for no wind condition, suction only was found to have higher effectiveness over the 

combined approach. 

The findings show that it is imperative to design an aerodynamic barrier with variable 

air speed and configuration that senses the wind speed and direction and applies an effective 

mitigation strategy of air blowing or suction to minimize convective heat losses and maximize 

cavity thermal efficiency.  

7.1.2 Hybrid cavity receivers 

The investigation of the flow features for a cylindrical cavity incorporating internal jets 

with variety of jet configurations and an open aperture was performed using PIV technique. 

The influence of the jet configuration, external flow velocity, aperture ratio and cavity tilt angle 

on the isothermal flow structure within a hybridized cavity emulating a hybrid solar receiver 

and combustor was quantified. The analysis of the results of investigated cases here leads to 

the following main findings: 

- For a cavity with an open aperture and internal jet flows, with a velocity relevant to 

hybrid solar combustor receivers, the internal flow features are more dependent on 
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the jet configuration than on the external flow condition.  That is the entrainment of 

external flow through the aperture of the cavity slightly changes the quantity of 

some flow features such as the “stagnation” and “impinging” points and magnitude 

of velocity. However, the qualitative features of the flow within the cavity do not 

change significantly. 

- The variation of jet velocity decay with the opening of the aperture displays minimal 

changes while a major increase of up to 75% in the turbulence intensity was 

recorded perhaps due to the influence of the external flow on the vortical dynamics 

inside the chamber. 

- The mass entrainment of external flow through the open aperture compared to that 

from four jets is significant. So that relative mass flow for the case with external 

velocity of 0.0 m/s was approximately 22% (αj = 25°, γj = 0°) and this increases to 

58% (αj = 25°, γj = 5°) for the case of Vs = 0.24. The profile of the mass flow rate 

through the aperture is found to be a symmetrical parabolic profile. This could be 

altered by changing the back pressure of the cavity through the chamber exit.  

- The mass flow rate through the aperture is strongly dependent on the aspect ratio of 

the aperture to the cavity. So that a twofold increase of the aspect ratio from 0.25 to 

0.50, results in five times more mass entrainment through the aperture related to the 

total mass flow rate through four jets. 

- The dependence of the mass flow rate induced through the aperture on the yaw 

angle was quantified for the isothermal cases. It was demonstrated that for high 

external flow velocities, increasing the yaw angles results in higher mass flow 

entrainment through the aperture. So that a 15% increase in the mass flow rate was 

observed by increasing the yaw angle from 0° to 45°.   
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These results provide valuable insights that will help in developing a strategy to 

mitigate the ingress of external air into the hybridized cavity receiver. This could be done by 

managing the interaction of the internal and external flows through controlling the back-

pressure or using a fluidic barrier across the aperture. It is worth noting that due to the 

dominance of inertia over buoyancy forces in confined reacting flows driven by jet mixing, the 

findings of the current study in isothermal conditions are applicable to the real-world 

application of hybrid solar receivers and combustors, in which combustion happens inside the 

cavity. 

The experimental and numerical investigations conducted in this study were performed 

on a scaled down design of solar cavity receiver at a maximum temperature of 400℃. However, 

to apply the findings of this study to the large-scale designs of practical solar cavity receivers 

the approach of providing dimensionless numbers, which are most relevant to the operation of 

solar cavity receivers, was followed throughout the study. 

The geometry of the conventional cavity was designed based on the aperture ratio of  

(Dap/Dcav) of 0.1 and the aspect ratio (Lcav/Dcav) of 1.5 for a cylindrical cavity. To cover a wide 

range of external flow characteristic of operating cavity receivers inverse Richardson number 

5

heat transfer regimes corresponding to buoyancy dominated, mixed natural and forced 

convection and momentum dominated regime. Furthermore, the external flow of laminar, 

transitional and turbulent regimes have also been investigated. The non dimensional numbers 

that are covered make it possible to generalise results to similar systems of differing scales. 

Finally, the deflection modulus for air curtain was adjusted between 0 to 14 to examine a wide 

range of air curtain operations. The momentum ratio of blowing and suction flow to wind flow 
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7.1.3 Scalability of the results 

changes from 0 to 43 corresponding to Reynolds number of 0 to 2 × 10 . This range covers 



has been reported. These relative momentum and momentum flux ratios are useful measures 

to generalise the findings of this study for larger devices.  

7.2 Future work 

The outcomes of this study provide the baseline that can constitute guidelines for the 

deployment of an air curtain for solar cavity receivers. The finding from this work can be 

extended into additional areas of research seeking to reduce convective heat losses from solar 

cavity receivers by applying both active and passive methods to improve the thermal efficiency 

of cavity receivers. However, the findings illustrate a complex relationship between the 

effectiveness of an air curtain and the parameters such as the type and configuration of the air 

curtain, the operating conditions of the cavity receivers and the wind condition. Therefore, 

further investigations are required to address the challenges involved in the detailed design of 

air curtain to optimise a solar cavity receiver for practical applications in solar towers. 

Therefore, the following investigations are recommended to be undertaken to complement the 

research presented in this thesis.  

- Further development of numerical modelling to expand the knowledge into the 

mechanisms of convective heat loss reduction.  

- Development of the active control system of the air curtain which can activate the 

optimum air curtain configuration with proper flowrate based on the operating 

conditions such as heat transfer fluid conditions (temperature, mass flow rate), wind 

speed and wind direction. Active controls could utilize feedback operating 

conditions to dynamically alter air curtains, baffles, or other features to mitigate 

heat loss from the cavity. Dynamic control method with adaptive learning (AI, 

machine learning) is an emerging field within concentrating solar thermal 

applications. 
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- The development of passive methods of mitigating convective heat loss such as 

hoods and aperture coverings as a potential method of increasing the thermal 

efficiency of solar cavity receivers can be investigated.   

- While this study has provided dimensionless numbers to generalise the findings, 

scaling and demonstration of these methods to actual applications and pilot-scale 

systems need to be performed. These pilot-scale demonstrations under “real-world” 

conditions with transient winds and operating conditions need to be tested and used 

for model validation.  

- It is worth noting that the discharge angles investigated in this study were limited 

to 0° to 30°. Further discharge angles can be investigated either experimentally or 

numerically for a variety of operating conditions such as tilt angle and yaw angles.  
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Abstract 

Presented in this paper is an experimental investigation 
of the flow structure near the aperture of a scaled down 
laboratory model of a Hybrid Solar Receiver Combustor 
(HSRC). The aim of the work is to evaluate the flow 
characteristics in the vicinity of the cavity aperture as 
function of the external flow velocity, simulating wind, 
and the flow patterns within the cavity induced by four 
jets simulating the burners. This interaction is expected 
under the mixed mode of utilizing both solar and 
combustion energy. Under this mode, ingress/egress into 
and from the solar cavity receiver due to the pressure 
difference between the inside of the cavity and the 
ambient, leads to convection losses, particularly under 
high wind velocities. In the current study, a simplified 
and scaled down HSRC geometry is used. It includes a 
cylindrical cavity of diameter 74 mm and length 225 mm. 
The configuration includes four jets with a diameter of 
3.5 mm to model burners with different inclination angles 
of =25° and 50° and different azimuth angles of 
γjet=0°, 5°and 15°. The tests were conducted in the water 
channel using Particle Image Velocimetry (PIV) 
technique to measure the flow field. The conducted 
experiments aimed to investigate the influence of jet 
inclination and azimuth angle on the flow patterns 
through the aperture of the cavity. Furthermore, the 
influence of external flow changes on the flow pattern 
inside the cavity is investigated by adjusting the water 
channel stream velocity to 0.0, 0.08, 0.16 and 0.24 m/s. 
The results show that the flow behavior through the 
aperture strongly depends on two main factors. Firstly the 
flow fields induced by the variation of the inclination 
angle of the jets and secondly the external stream 
velocity. These results point to a complex interaction of 
the external and internal flows and highlight the need for 
the development of a fluidic barrier to de-couple them. 

Introduction  

Renewable energy is being deployed in order to mitigate 
climate change, cater for the increase in energy demand 
and as a clean energy source to support the de-
carbonization of industrial processes. Solar energy, as a 
form of renewable energy, has been utilized for 
electricity generation using Photovoltaic (PV) and 
thermal energy using Concentrating Solar Thermal 
(CST) technologies [1]. However, due to the intermittent 
nature of the solar resource new approaches are being 
developed to increase solar share and guarantee firm 
supply. CST systems can greatly benefit from 
hybridisation and thermal storage as methods to 
overcome the problems with the intermittency of solar 
energy [2, 3]. To address the intermittent nature of CST, 

backup system where an auxiliary fossil based energy 
device is maintained for the time when solar energy is not 
enough is being used. Hybrid concepts such as solar with 
combustion of biomass or fossil fuels and wind energy 
are some of the proposed combination and it is believed 
to be a promising combination. Integration of CST into a 
conventional fossil fuel power plant has been suggested 
to solve the problems of the continuous dispatch of power 
or thermal energy [2]. The newly developed, hybrid solar 
receiver combustor (HSRC) concept provides a unique 
and cost effective solution for the aforementioned 
problem by providing a firm supply and reduced 
infrastructure costs as compared to stand alone systems 
[4, 5]. The distinctive geometry of HSRC features a 
single cavity which acts both as a combustion chamber 
and a solar receiver, where multiple burners and a heat 
exchanger are found within the cavity (Figure 1). The 
integrated combustion energy source into the cavity 
receiver opens the way for a mixed mode of operation, 
combustion and CST. This system avoids start-up and 
shut-down losses related to application of conventional 
hybrid systems [6].  

 

Figure 1- Schematic diagram of Hybrid Solar Receiver Combustor  

The unique configuration of HSRC makes it necessary to 
study the flow field inside the cavity in order to optimize 
the flow behavior induced by the multiple jets inside a 
confined cavity and its interaction with the outside flow 
through the aperture. 

Many studies in the literature have targeted the 
investigation of the flow field induced by multiple jets 
including parallel jets, opposed jets and inclined jets. Gao 
et al. [7] investigated the flow characteristics in confined 
impinging jet reactors by using PIV. They studied the 
effect of various geometric parameters and operating 
condition on the normalized mean velocity, turbulent 
kinetic energy and stagnation point offset from the center 
of the cavity. They found that in Reynolds number range 
of 10,620 to 21,210, the effect of Reynolds number on the 
normalized velocity is negligible. The normalized 
stagnation point is very sensitive to the jet velocity ratio. 
They emphasized that an equal volumetric ratio of the jets 
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is essential to locate the stagnation point in the center of 
the cavity. Long et al. [8] used numerical modelling to 
investigate the effect of the jet inclination angle ( ) in 
a cylindrical cavity, similar to the HSRC configuration, 
equipped with four jets and using water as working fluid. 
They studied the configuration with a closed aperture and 
a throat, using CFD code ANSYS CFX in their 
modelling. Their work has identified four flow regimes 
within the cavity. The regimes have a strong inward 
annular recirculation for 0 ° ≤  < 10°, outward 
recirculation dominant flow for 10 ° ≤  < 40°, outward 
recirculation with back flow for 40 ° ≤  < 60° and jet 
impinging flow 60 ° ≤  < 90°. The results show that 
configuration of the jets not only changes the flow pattern 
inside the cavity but it also affects the backflow through 
the throat. Long et al. [9] have also investigated flow 
structure within a cylindrical chamber generated by 
planar-symmetric isothermal jets using water as the 
working fluid. In their joint systematic experimental and 
numerical study, they evaluated the cases with two and 
four jets for the inclination angles ( ) over the range of 
0 to 90. Their results show that the mean flow field 
strongly depends on the inclination angle and the number 
of the jets. Their research reveals that, the extent of the 
backflow inside the cavity through the throat, the 
turbulent intensity, the flow stability and the dominant 
recirculation zone depend on the inclination angle of the 
jets, as expected. However, the number of jets has a 
secondary influence on the turbulence intensity, the flow 
stability and the transition between different flow 
regimes.  

To the best of the authors' knowledge, the interactions of 
the flows inside and outside a cavity with injected jets has 
not been investigated in the literature and requires further 
research. In this paper, we investigate the flow behaviour 
through the aperture induced by the jets inside the cavity 
and the external flows. To characterise the flow 
behaviour and identify the effect of the key controlling 
parameters on the velocity field, extensive experimental 
investigations were conducted in the University of 
Adelaide water channel. The findings and interpretations 
are presented in this paper. 

Methodology 

To determine the effect of internal flow pattern change 
on the flow through the aperture, several prototype 
models of a cylindrical cavity, with an open aperture, 
were designed and built. These prototypes aremade of 
Acrylic material and include different internal jet 
configurations. The transparent prototypes have a similar 
refractive index as water which allows it to be used with 
water as the working fluid and lend itself to the 
application of laser-based techniques such as PIV.  

Figure 2 and Table 1 illustrate the key geometric features 
of the experimental configurations. The experimental 
setup is designed so that the different jet configurations, 
as shown in Table 2, can be investigated while using the 
same cavity. The cylindrical model has 74mm of internal 
diameter and is 225mm in length with an annular gap as 
the outlet of the cavity. The cavity inlet is configured with 

a straight desk which has an aperture of 24.6mm 
diameter. Four equi-spaced jets are included on the 
aperture side to model the combustion burners. Previous 
investigation, using similar geometries [9], has shown 
that the mass flow rates through the aperture will increase 
significantly when the flow pattern within the cavity 
changes due to the change in the inclination angle of the 
jets. The two configurations considered give a flow 
pattern which is classified as ‘outward recirculation’ 
when the inclination angle of 25° (αj =25°) or ‘outward 
recirculation with back flow’ when the inclination angle 
is 50° (αj =50°). Therefore, these two inclination angles 
of jets are considered for the current project. The cases of 
the jets with 50° inclination angle has three different 
azimuth angles of γjet=0°, 5°and  15° while the case with 
25° inclination angle has azimuth angle of 15°.  

 

 

 

 

 
Table 1- Values of the geometric parameters of the experimental 
configuration 

The tests were conducted in a recirculating water channel 
with a maximum speed of 0.3 m/s. The rectangular test 
section is 2.0 m long with a cross-section of 0.5m  0.5 
m. The device is submerged in the water and held there 
using a specially designed holder. The blockage ratio of 
the test section is 7.2% which is small enough to prevent 
wall effects. The volume flow rate of the jets were set at 
1.4 l/min, resulting in a jet inlet velocity of 2.8 m/s and a 
Reynolds number of 10,500. 
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Lc 
225
mm 

The length of 
the cylinder Djet 

3.35 
mm 

The diameter 
of the nozzle  

Rc 
37 

mm 
The Radius of 
the cylinder Rap 

24.6 
mm 

The radius of 
the aperture 

Ljet 
150
mm 

The length of 
the jet supply 

pipe 
αj 

50°, 

25º 

Jet 
inclination 

angle 

Wout 
3 

mm 

The width of 
the outlet for 
the exhaust 

γj 
0°,5°, 
15° 

Jet azimuthal 
angle 

Figure 2- Schematic of the experimental model showing key geometric
features of the configuration 
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Table 2- Cases notation for the configurations investigated 
experimentally in the present study 
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25-15-(B-0-
0.08-0.16-0.24) 25° 15° 

Blocked aperture,  
0.0, 

0.08,0.16,0.24 

50-15-(B-0-
0.08-0.16-0.24) 50° 15° 

Blocked aperture, 
0.0, 

0.08,0.16,0.24 

50-5-(B-0-0.08-
0.16-0.24) 50° 5° 

Blocked aperture, 
0.0, 

0.08,0.16,0.24 

50-0-(B-0-0.08-
0.16-0.24) 50° 0° 

Blocked aperture, 
0.0, 

0.08,0.16,0.24 
The PIV technique was used to measure the 
instantaneous velocity field in the vicinity of cavity 
aperture and inside the cavity. The flow is seeded with 
polyamide seeding particles with a mean diameter of 50 
μm and the density of 1.03 g/cm3. The water within the 
channel is circulated back into a reservoir creating a 
closed loop operation. Seeds are added to the reservoir at 
the start of the test campaign, in order to provide a 
continuous seeding of the flow. The seeded particles 
were illuminated using an Nd-YAG double-Pulsed laser 
(Quantel Evergreen 200-200 mJ) operating on the second 
harmonic mode, giving two laser pulses at 532nm. The 
pulses were formed, using suitable optical components, 
to give horizontal laser sheets with a thickness of ~2 mm. 
PIV images are recorded by the sCMOS camera (Andor 
Zyla 5.5) with 5.5 megapixel resolution, capturing a 
region of interest with 2000×2000 pixels. The Andor 
SOLIS image capturing software is used for image 
collection. The laser and camera are connected to a pulse 
generator (Berkeley Nucleonics, Model 565) and a timer 
box to synchronize the data collection. Images were 
recorded from the bottom view of the cavity.  

The images were acquired at a rate of 15 Hz with delay 
time of 4ms and 0.15ms for outside and inside 
measurement, respectively. A total of 500 image pairs 
were captured for each case. The post processing of the 
captured images was conducted using the PIVlab toolbox 
of MATLAB. The instantaneous velocity vectors were 
measured for an area of 24.6 24.6 mm2  upstream region 
of the aperture inlet and 50 90 mm2 inside the cavity. 
The images were processed using an interrogation 
window size of 64×64 pixels with an overlap of 50%. 
 
Results and discussions 

Figure 3 depicts the measured streamline patterns and the 
velocity contours within the cavity for the case with 
inclination angle of 50° and azimuth angle of 15° for the 
blocked aperture, stream velocity of 0.0 m/s, 0.08 m/s, 
0.16 m/s and 0.24 m/s.  
As could be seen, opening the aperture changes the flow 

pattern inside the cavity and expands the recirculation 
zones further downstream inside the cavity. Such 
changes show that the external flow changes the flow 
characteristics inside the cavity. Figure 4 shows the 
evolution of the mean axial velocity along the centreline 
of the cavity normalized by the jet inlet velocity.  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3- Velocity contour and streamlines inside the cavity for the case 
with  αj = 50° and γj=15°, a) Blocked aperture (50-15-B), b) Vs=0.0 m/s
(50-15-0), c) Vs= of 0.08m/s (50-15-0.08), c) Vs= 0.16m/s (50-15-0.16),
and d) Vs=0.24m/s (50-15-0.24). 
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As can be seen for the all cases the stagnation point, (the 
point that axial component of the velocity (Vx ) to the 
velocity of the jet (Vjet ) equals to 0.0) is located on the 
axis. The stagnation point transfers from x/Lc=0.15 to 
x/Lc=0.18 by changing the external velocity which shows 
expansion of the vortices in the vicinity of the aperture. 
Furthermore, opening the aperture affects the flow field 
in the vicinity of the aperture, and moves the highest 
velocity zone further downstream.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 shows the effects of the jets configuration and 
external stream velocity on the percentage of normalized 
mass flow rate through the aperture. As can be seen even 
for the stream velocity of 0.0 m/s, the ratio of mass flow 
through the aperture to the mass flow through four jets is 
30% which shows that opening the aperture even in no 
wind condition causes a significant air ingress to the 
cavity. In addition, the measured normalized mass flow 
rates show that increasing the inclination angle from 25° 
to 50°, decreases mass flow rate by 10% for the stream 
velocity of 0.24 m/s while  for cases with zero velocity of 
water channel stream, changing the inclination angle 
from 25° to 50° makes only 2% changes in normalized 
mass flow rate. This result is reasonable when observing 
the different flow patterns induced by the inclination 
angles of 25° and 50°. For the inclination angle of the 
25°, the recirculation zones are closer to the centerline 
creating negative pressure that induce more flow through 
the aperture. While for the inclination angle of 50° the 

center of the recirculation zones are closer to the wall and 
have less effect on the flow behavior through the 
aperture. Furthermore, for the same inclination angle of 
50°, by decreasing the jet azimuth angle from 15° to 0°, 
the mass flow rate through the aperture decreases 
markedly. It is quite clear that in higher stream velocities 
(Vs=0.24 m/s), the inclination angle has more effect on 
the variations of mass flow rate through the aperture than 
the azimuth angle of the jets.   

Conclusions 

A combined experimental study was conducted to 
investigate the flow field inside and in the inlet of a 
cylindrical cavity with four jets inclined at two different 
angles of 25° and 50° and for different azimuth angles of 
0°, 5° and 15° degrees. It was found that there is strong 
interaction of the flow field inside the cavity and the flow 
behavior through the aperture. Opening the aperture of 
the cavity for operation in mixed mode, causes more than 
30% of dimensionless mass flow rate into the cavity even 
for no wind condition. These results point to a complex 
interaction of the external and internal flows and 
highlight the need for the development of a fluidic barrier 
to de-couple these two flows.  

References  
[1] Sarbu, I. and C. Sebarchievici, Chapter 3 - Solar 

Collectors, in Solar Heating and Cooling Systems. 2017, 
Academic Press. p. 29-97. 

[2] Sheu, E.J., et al., A Review of Hybrid Solar–Fossil Fuel 
Power Generation Systems and Performance Metrics. 
Journal of Solar Energy Engineering, 2012. 134(4): p. 
041006-041006-17. 

[3] Lovegrove, K. and J. Pye, 2 - Fundamental principles of 
concentrating solar power (CSP) systems, in 
Concentrating Solar Power Technology. 2012, 
Woodhead Publishing. p. 16-67. 

[4] Nathan, G.J., D.L. Battye, and P.J. Ashman, Economic 
evaluation of a novel fuel-saver hybrid combining a 
solar receiver with a combustor for a solar power tower. 
Applied Energy, 2014. 113: p. 1235-1243. 

[5] Lim, J.H., et al., Analytical assessment of a novel hybrid 
solar tubular receiver and combustor. Applied Energy, 
2016. 162: p. 298-307. 

[6] Lim, J.H., E. Hu, and G.J. Nathan, Impact of start-up and 
shut-down losses on the economic benefit of an 
integrated hybrid solar cavity receiver and combustor. 
Applied Energy, 2016. 164: p. 10-20. 

[7] Gao, Z., et al., Particle Image Velocimetry (PIV) 
Investigation of Flow Characteristics in Confined 
Impinging Jet Reactors. Industrial & Engineering 
Chemistry Research, 2013. 52(33): p. 11779-11786. 

[8] Long, S., et al., Effect of Jet Inclination Angle on the 
Flow Field within a Hybrid Solar Receiver Combustor, 
in 20th Australasian Fluid Mechanics Conference. 
2016: Perth, Autralia. 

[9] Long, S., et al., Experimental and numerical 
investigation of the iso-thermal flow characteristics 
within a cylindrical chamber with multiple planar-
symmetric impinging jets. Physics of Fluids, 2017. 
29(10): p. 105111. 

 

Figure 4- Spatial variation of the mean axial velocity (Vx/Vjet) along the 
centerline of the cylindrical chamber normalized by the inlet velocity as 
function of chamber length for αj = 50° and γj=15°. Cases plotted are 
Blocked aperture (50-15-B), Vs=0.0 m/s (50-15-0), Vs= 0.08m/s (50-15-
0.08), Vs=0.16m/s (50-15-0.16), and Vs=0.24m/s (50-15-0.24).    
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Figure 5-Percentage of the mass flow through the aperture to total mas 
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Abstract 
A qualitative and quantitative flow field study using an experimental method has been carried 
out to investigate the flow behaviour inside and outside a cylindrical cavity receiver. The cavity 
is a simplified scaled down geometry of a Hybrid Solar Receiver Combustor (HSRC), which 
operates in three different modes of solar only, combustion only and mixed mode. In the mixed 
mode, some ingress of air and egress of chamber gases into and out from the solar cavity 
receiver will occur, due to the pressure difference between the inside of the cavity and the 
ambient. This leads to convection losses, particularly under high wind velocities. To determine 
the interaction of the internal and external flow patterns under simplified, isothermal conditions, 
a cylindrical cavity model was constructed of acrylic. Four equi-spaced jets of 3.35 mm internal 
diameter, were included on the aperture side to model the combustion burners. The jets in this 
model were inclined =25° and had an azimuth angle of γj=5°. The model was placed in the 
water channel, under isothermal conditions and velocity of water in the channel aimed to 
emulate the wind conditions to the cavity. Water was also used for the jets in the model cavity. 
The systematic investigations include both closed and opened aperture with free stream 
velocities of 0.0 and 0.24 m/s. The flow velocity of the jets inside the cavity was fixed at 2.8 
m/s to achieve the aerodynamics similarity between the speeds of the jets and wind and to 
ensure that the jet flow is in the fully turbulent regime (Re=10,500). The cavity is made of 
acrylic material that makes it possible to visualise flow behaviour using the Particle Image 
Velocimetry (PIV) technique. The results show that the flow behaviour through the aperture 
depends on external flow condition. Opening the aperture and introducing the external velocity 
induces a mass flow rate through the aperture of up to 58 percent of the total mass flow rate 
through four jets. These measurements reveal a complex interaction between the external and 
internal flows within the cavity receiver.  

1. Introduction 
Renewable energy has been proposed as a reliable and clean energy source to replace fossil-
based energy generation which helps support the industrialization of the major economies of 
the world and cater for population growth. Such growth in demand for energy usage (Stulz, 
Tanner & Sigg 2011), has motivated the search for alternative sources of energy since fossil 
fuels are a finite resource and its use is contributing to global warming and environmental and 
economic impacts. Solar energy, as one of the most abundant renewable energy sources, opened 

149



 
the door for sustainable and clean energy provision. Concentrating Solar Thermal (CST) 
systems, concentrate the solar radiation using reflective surfaces to generate thermal energy. 
Due to the intermittent nature of the solar resource new approaches are being developed to 
increase solar share and guarantee firm supply. CST systems can greatly benefit from 
hybridisation and thermal storage as methods to overcome this problem (Lovegrove & Pye 
2012; Sheu et al. 2012). One solution, to address the intermittent nature of CST, is the use of a 
backup system where an auxiliary fossil-based energy device is maintained for the time when 
solar energy resource is not enough. Hybrid concepts such as solar with the combustion of 
renewable or fossil fuels and wind energy are some of the proposed combinations and it is 
believed to be a promising combination. Integration of CST into a conventional fossil-fuel-
powered plant has been suggested to overcome the problems of the continuous dispatch of 
power or thermal energy (Sheu et al. 2012). The newly developed, hybrid solar receiver 
combustor (HSRC) concept provides a unique, cost-effective solution for the aforementioned 
problem. Integrating the combustion energy source into the cavity receiver opens the way for a 
mixed mode of operation, combustion and CST. For the mixed mode, a strategy is needed to 
fluidically seal the aperture to prevent hot gases escaping from the cavity and cold air entering 
from the outside (due to the wind and the internal flow pattern), in order to minimize losses and 
ensure efficient operation. However, to the best of the authors’ knowledge, there are no known 
fluidic seals for the mixed-mode solar hybrid application. To design hydrodynamic sealing 
strategies for cavity receivers, investigation of the fluid flow behaviour of the hybrid solar 
cavity receivers is essential.   

Therefore, the aim of the current study is to investigate the flow behaviour inside a cavity 
equipped with lateral jets with an outlet, and open aperture interacting with the flow outside the 
cavity. In the literature, many studies have been carried out to investigate the physics of 
turbulent jets (Dahm & Dimotakis 1987; Zhu & Shih 1994). From another point of view, some 
studies have been conducted to present the behaviour of flow induced by multi jets (Gao et al. 
2013; Long, S. et al. 2018; Thong et al. 2015). The iso-thermal flow characteristics within a 
cylindrical chamber including multiple planar symmetric jets have also been investigated in a 
joint experimental and numerical study by Long et al. (Long, Shen et al. 2017). The results 
show the great dependence of the flow field on the inclination angle of the jets and the number 
of the jets. In another study, Long et al. (Long, S. et al. 2018) investigated the interaction 
between four rotationally symmetric jets within a cylindrical cavity. They found that the mean 
and root-mean-squared- fields are significantly depended on the azimuthal angle and inclination 
angle of the jets. Based on their findings three different flow regimes within the cavity were 
identified for different jets configurations. However,( Long et al.2017) have not assessed the 
flow regimes within a cavity with an open aperture. Furthermore, the interaction of internal and 
external flows has not been investigated yet.  

In this paper, the flow behaviour of a cavity with an open aperture is investigated both inside 
the cavity and in the vicinity of the aperture. In order to characterise the flow behaviour and 
identify the key controlling parameters on the velocity field, extensive experimental 
investigations were conducted. The effect of the external flow on flow exchange through a solar 
cavity receiver aperture is investigated.   

150



 
2. Experimental Setup 
The measurements described here have been carried out in the water channel of the University 
of Adelaide. The water channel can be operated at speeds of up to Vs= 0.3 m/s. The rectangular 
test section is 2.0 m long with a cross-section of 0.5 m × 0.5 m.  

A scaled down model of the cavity receiver has been designed and built as illustrated in Figure1 
and Table1. The device consisted of a cylindrical chamber and 4 planar pipes, with an inner 
diameter of 3.35 mm, injecting external fluids into the ‘cavity model’ simulating fuel and air 
injection jets. The cylindrical part of the device was made of acrylic and had a similar refractive 
index as water which allowed it to be used with water as the working fluid and the application 
of laser-based techniques such as PIV. The green squares show the regions of interest for 
visualizing the flow. The arrangements of the jets were produced utilizing 3-D printing 
technique and were installed on the same cavity. The internal diameter of the cavity was 74 mm 
with a 3 mm wall thickness and 225mm long. The outlet of the cavity was an annular gap with 
3 mm width. The inlet to the cavity was partially covered with a straight desk which had an 
aperture of 24.6 mm diameter. The device was submerged in the water held by a specially 
designed holder. To prevent the wall effects, the blockage ratio of the test section was kept 
small enough at below 7.2%.  

 

 

 

 

 

 

 

 

 

Table 1. Values of the geometric parameters of the experimental configuration 

Geometric 
Parameter 

value Description 
Geometric 
Parameter 

value Description 

Lc 
225 
mm 

The length of the 
cavity Djet 3.35 

mm 
The diameter of the 

nozzle 

Rc 
37 

mm 
The radius of the 

cavity Rap 12.3 
mm 

The radius of the 
aperture 

Ljet 150 
mm 

The length of the 
jet supply pipe αj 25° Jet inclination angle 

Wout 3 mm 
The width of the  

outlet for the 
exhaust 

γj 5° Jet azimuthal angle 

Vs

Figure 1. Schematic diagram of the experimental model showing key geometric features 
of the configuration 
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Four lateral jets with an inclination angle of 25° and two different azimuth angle of 5° injected 
the water with jet outlet velocity (Vj) of 2.8 m/s resulting in a volume flow rate of 1.41 L/min 
for each jet and the Reynolds number of 10,500. Seeded water was pumped from the water 
channel tank to the jets through two flowmeters. Each flowmeter supplied two of the jets in 
order to reach equal flow rates through four jets. To ensure the equal flow rate from each jet, 
the outlet flow rate of each jet were measured. Figure 2 schematically illustrates the PIV setup 
that was used to measure the instantaneous velocity field in the entrance of the cavity and inside 
the cavity. The water was seeded with polyamide seeding particles with a mean diameter of 50 
μm and the density of 1.03 g/cm3. It is worth noting that the water within the channel is 
circulated back into a reservoir creating a closed loop operation. The stream velocity was set to 
0.0 m/s and 0.24 m/s for different experimental cases. The seeds are added to the reservoir at 
the start of the test campaign, in order to provide a continuous seeding of the flow.  

 

 

 

 

 

 

 

 

 

 

 

The flow field was illuminated with a laser sheet from a double-pulsed Nd: YAG laser source 
(Quantel Evergreen 200-200 mJ) at 532 nm wavelength. The sheet was located parallel to the 
bottom surface of the channel at a height of 200 mm and coincide with mid-plane of the 
cylinder. The two successive laser beams were formed using suitable optical components to 
give horizontal laser sheets with a thickness of ~2 mm. The images were acquired at a rate of 
15 Hz for all measurements and the time between laser pulses was set to 4ms and 0.15 ms for 
outside and inside measurement, respectively. The images were recorded by the sCMOS camera 
(Andor Zyla 5.5) with 5.5-megapixel resolution, capturing images through the Andor SOLIS 
image capturing software. The camera was installed in the side view of the water channel 
recording the images from the bottom side of the water channel using a mirror located at 45-
degree angle in the bottom side of the channel. In order to synchronize the data acquisition, the 
laser and the camera were connected to a pulse generator (Berkeley Nucleonics, Model 565). 
For each measurement case, 500 successive image pairs were captured. The PIV images of the 
test section occupy an area of 1850 × 950 pixels and 500× 500 pixels for the measurements of 
inside and outside of the cavity, respectively. The image processing was carried out using the 
PIVlab toolbox of MATLAB (Thielicke & Stamhuis 2014). 2-D velocity vectors were obtained 
using an interrogation window size of 64×64 pixels with an overlap of 50%.  

Nd: YAG 

Laser sheet 

Andor Zyla sCMOS 

Figure 2. Schematic diagram of PIV setup 
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The measurements of the experiments are subject to some uncertainties come from both 
measuring instruments and manufacturing process. The measurement uncertainty arises from 
flowmeters estimated to be around 1%. The measurement error of the stream velocity of the water 
channel found to be 0.8%. A grid plate was used for the calibration process required for image 
processing. The error caused by inaccuracy of the spatial resolution is 1.25%. Particle image 
processing is companied by an error of around 1/10 of the seed particle diameter. Therefore the 
experimental error caused by the particle size is 1%. Therefore, the overall uncertainty of the 
measured mean velocities for the present study is estimated to be less than ±5%. 

3. Results and discussions 
Figure 3 shows the measured time-averaged normalized velocity contours inside the cavity, for 
the cases a) αj = 25°,γj = 5°, blocked aperture b) αj = 25°,γj = 5°, Vs=0.0 m/s c) αj = 25°,γj = 5°, 
Vs=0.24 m/s. The velocity vector is equal to = ⃗+ ⃗, where Vx and Vy are the velocity 
components of the section and are normalized by the outlet velocity of the jet (Vj). The figure 
also shows the vectors of the normalized axial velocity vectors in the measured region. It can 
be seen that by opening the aperture the velocity in the vicinity of the aperture inside the cavity 
increases. Moreover, introducing the external velocity into the cavity is followed by a slight 
movement of the higher axial velocity regions towards the downstream.  

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

Figure 4 presents the streamlines of the experimental cases marked by the arrows on the lines 
showing the flow direction. It can be seen that by opening the aperture the flow structure inside 
the cavity changes and the length of the recirculation zones expand. The induced external flow 
also pushes the recirculation zones away from the centerline of the cavity.  

Figure 3. Measured time-averaged and normalized velocity contours inside the cavity, 
for the case of αj = 25°,γj = 5°,a)blocked aperture, b) Vs=0.0 m/s and c) Vs=0.24 m/s. 
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Figure 5 shows the spatial variation of the normalized axial velocity along the centerline of the 
cavity from = 0.05  to = 0.45 for different the experiments. It can be seen that for the 

case with the blocked aperture the peak occurs in the distance equal to = 0.22. By opening 
the aperture the velocity in the vicinity of the aperture increases. It also shows that even by 
opening the aperture with no external velocity conditions, the flow is ‘sucked’ into the cavity 
due to the negative pressure induced by the internal flow close to the aperture. By increasing 
the external velocity to 0.24 m/s, the velocity along the centerline increases. It is worth noting 
that the peak value occurs at distances further downstream. However, for all three cases, the 
axial velocity follows a similar trend. Another visible feature is the increase in maximum 
normalized velocity along the centerline of the cavity from 0.055 to 0.086 for the case with 
blocked aperture and open aperture with an external velocity of 0.24 m/s.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Evolution of normalized mean axial velocity (Vx) by the mean jet outlet velocity 
(Vj) along the centreline of the cavity for the different cases of αj = 25°, γj = 5° (blocked 
aperture / Vs=0.0 m/s / Vs=0.24 m/s). 
 

Figure 4. Measured time averaged streamline for the case of αj = 25°,γj = 5° (a) blocked
aperture b) Vs=0.0 m/s c) Vs=0.24 m/s. 
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Figure 6. The radial profile of mean axial velocities (Vx) normalized by the mean jet 
velocity (Vj), in five different sections along the cavity (x/Lc =0.14, x/Lc =0.21, x/Lc =0.28,
x/Lc =0.35, x/Lc =0.42) 
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Figure 6 presents the radial profile of axial velocities (Vx) normalized by the mean jet velocity 
(Vj), in five different locations along the cavity (x/Lc =0.14, x/Lc =0.21, x/Lc =0.28, x/Lc =0.35, 
x/Lc =0.42). The results presented here are consistent with the results shown by Long et al. 
(Long, S. et al. 2018) for the blocked aperture and shows a bifurcate profile of normalized axial 
velocity at x/Lc =0.14 and x/Lc =0.21. As seen in the figure, similar trends are observed for all 
cases including blocked aperture, no external velocity and stream velocity of 0.24 m/s. It shows 
that although opening the aperture causes some minor changes in peak velocity and flow 
behaviour, it does not change the velocity fields significantly. The calculation of the mass flow 
rate through the aperture for the cases with Vs=0 m/s and Vs= 0.24 m/s shows that opening the 
aperture causes an external flow rate equal to 35% and 58% of total mass flow rate from the 
four jets, respectively.  

4. Conclusions 
An experimental investigation was carried out to reveal the interaction of the internal and 
external flows within a scaled down model of a Hybrid Solar Receiver Combustor (HSRC) 
equipped with four jets, jet inclination angle of 25° and azimuth angles of 5°. The PIV technique 
was used in the water channel with stream velocity of 0.0 m/s and 0.24 m/s. It is revealed that 
although the general flow field does not change by opening the aperture, the position of the 
recirculation zones inside the cavity changes. In addition, increasing the external velocity leads 
to changes in the flow patterns and the structure of recirculation zones. The results show that 
the present nozzle configuration with an open aperture causes a significant mass flow into the 
cavity through the aperture. This implies that the optimal configuration for the device is 
different for the cases with and without an open aperture. It is also found that by increasing the 
stream velocity from 0.0 m/s to 0.24 m/s, the normalized mass flow rate through the aperture 
increases by 60%. In addition, these results highlight the need for developing a fluidic seal that 
can prevent or minimize the ingress of external air into the cavity receiver, especially those with 
an internally induced flow like the HSRC. 
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Abstract. An experimental study is performed to measure the convective heat losses from a heated solar cavity receiver 
with an air curtain. The air curtain is a plane jet blowing downward across the aperture to mitigate the convective heat 
losses. The cavity is placed in an open section of a wind tunnel to provide a controlled environment for measurement of 
the influence of winds speed of 0 m/s, 6 m/s and 9 m/s on the performance of the air curtain. The velocity of the air curtain 
was varied from 9 m/s to 18 m/s with two different discharge angles of 0° and 30°. The results show that for a head-on 
wind condition, the air curtain with a discharge angle of 30° has a better performance than that with a discharge angle of 
0°. The use of curtain was found to reduce the natural and mixed convective heat losses between 40% and 66% relative to 
the case without an air curtain. The heat losses distribution on the surface of the cavity was also measured, which revealed 
that heat losses are greatest from the lower part of the cavity.   

INTRODUCTION 
 

In recent years, interest in solar thermal cavity receivers is growing as the cavity receivers achieve temperatures 
from 800° C to well over 1000° C. The solar energy absorbed by cavity receivers can be used for different downstream 
applications such as electricity generation or thermal storage by use of storage mediums [1]. Convective heat losses 
from solar cavity receivers are a significant part of heat losses that affect the thermal efficiency. Many studies have 
been conducted to quantify the effect of different parameters on the convective heat losses from cavity receivers. Some 
research has been conducted to investigate the effect of operating conditions such as wind speed and direction, the tilt 
angle of the cavity and the internal thermal distribution on convective heat losses [2-5]. While others investigated the 
effect of geometrical parameters of the cavity such as the design of the cavity [6], aspect ratio [5] and aperture ratio 
[7] of the cavity on convective heat losses. In the literature, several solutions are suggested to mitigate the convective 
heat losses. For instance, the geometrical parameters are suggested to be chosen as per the findings of the literature 
[8].  Moreover, covering the cavity opening with a transparent window, partially covering the aperture [9] and the use 
of air curtains or aerowindow across the cavity [10] opening are suggested to increase the efficiency of the solar cavity 
receivers. Air curtains have been applied to buildings and industrial processes in the past to suppress convective heat 
losses through the main doors or opening [11]. However, there are significant differences between the shape and 
orientation of a cavity receiver relative to a building, so that these previous results are not directly applicable. Also, 
many possible configurations of air curtain are possible and no direct measurements of the effectiveness of any of 
these are available for a solar cavity receiver. 

The application of air curtain in solar cavity receivers has also been investigated through numerical and analytical 
studies and is found to be economically viable [12, 13]. The aim of employing air curtains to the aperture of the solar 
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receivers is to inhibit the hot air from leaving the cavity and prevent the cold air entering cavity. Numerical analysis 
of applying active airflow in the vicinity of a cavity receiver [14] showed that convective heat losses could be reduced 
by 50% in a solar cavity receiver and the importance of applying air curtain with optimum jet speed and direction is 
highlighted. However, there is a lack of experimental evidence in the literature to show the effect of variation of the 
velocity and inclination angle of air curtain on convective heat losses from solar cavity receivers.  

In summary, to the best of our knowledge, no previous experimental data are available investigating the influence 
of an aerodynamic curtain on the convective heat losses from a solar cavity receiver. Therefore the aim of the present 
investigation is to meet this need.   

 

METHODOLOGY 

An experimental campaign is conducted on an electrically heated cavity receiver in an open section of the large 
wind tunnel of the University of Adelaide with a cross-section of 2.75 m × 2.19 m. The average wind speeds used in 
the experiments are 0 m/s, 3 m/s, 6 m/s and 9 m/s. The cavity has a length of 0.45 m, a diameter of 0.3 m and an 
aperture of 0.10 m. The details of the experimental heated cavity used in the current study have been published 
previously by Lee et al [3]. Figure 1 illustrates a schematic diagram of the cavity and air curtain (AC) used in the 
current study  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 1. Schematic diagram of the experimental setup. 
 
The tilt ( ) and yaw ( ) angle of the cavity are set to 15° and 0°, respectively for all experimental cases investigated 

in the current study. The projected area of the cavity to the open section of the wind tunnel is about 4.1% which is small 
enough to avoid blockage effect. The internal walls of the cavity are consist of copper plates which are heated with 16 
electric strip heaters. Each heater is maintained at a constant uniform temperature of 300°C by using a feedback controller 
system which records the supplied power to each heater. A set of 16 K-type thermocouples are attached to the heaters to 
measure the temperature. The temperature of each heater is recorded by Datataker DT85 and is used for the temperature 
feedback control system using MATLAB and Simulink. A specially designed air curtain is attached at a position above 
the aperture. The air curtain has an outlet gap of 2 mm width and a length of 165 mm. The resulting air flow is reasonably 
uniform with the outlet velocity of 20±0.4 m/s. A Kaeser rotary screw compressor SM 9 is used to provide the compressed 
air through the air curtain. 

The minimum deflection modulus method proposed initially by Hayes and Stoecker [15, 16] and modified by Zhang 
et al. [17] is used to define the required minimum velocity of the air curtain to form a stable aerodynamic barrier across 
the aperture. It is found that a minimum velocity of 18 m/s at a wind speed of 9 m/s is required to reach a stable virtual 
wall. Therefore, the air jet velocities of 9 m/s and 18 m/s are applied for different experimental cases to investigate the 
effect of discharge velocity of the air curtain. The volumetric air flow rate is controlled using Alicat Scientific MCR-
1000SLPM to 160 SLPM and 320 SLPM corresponding to the air velocity of 9 m/s and 18 m/s, respectively.   
The total heat losses from the cavity are a combination of the conduction, convection and radiation heat losses. By 
closing the aperture under the same experimental conditions, conduction heat losses are measured. The radiation heat 
losses are calculated as a fourth-order dependence on temperature. The convection heat losses then are determined by 

Side view Front view ew

 
V
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AC 
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subtraction of conduction and radiation heat losses from total heat losses.  = ( + ) 
RESULTS AND DISCUSSIONS 

Figure 2 presents the measured absolute convective heat losses (W) from a cavity receiver with and without an air 
curtain. Two jet discharge angles of a)  = 30° and b)  = 0° and different wind speeds of 0 m/s, 6 m/s and 9 m/s are 
tested for the air curtain velocity of 9 m/s and 18 m/s.  

It is apparent from the figure that the convective heat losses for a discharge angle of 30° are less than those for a 
discharge angle of 0° under all experimental conditions. Moreover, results show that at a discharge angle of 30°, an 
increase in the velocity of the air curtain for all wind speeds results in a reduction in the convective heat losses. This 
can be justified by the effect of air curtain as an aerodynamic barrier in the vicinity of the aperture which mitigates 
the transfer of hot air to the surrounding of the cavity from the upper part of the aperture. It increases the stagnation 
zone inside the cavity by trapping the hot air inside and as a result, the convective heat losses reduce. Nevertheless, 
for =0°, increasing the velocity of the air curtain results in a growth in convective heat losses. For example for the 
wind speed of 0 m/s, employing an air curtain at Vac = 18 m/s increases the convective heat losses from 262 W for no 
air curtain case to 375 W. The reason is that at a discharge angle of 0° and under high velocity as the jet spreads 
downstream a great amount of cold air from the air curtain is mixed with the hot air from the interior section of the 
cavity and this is followed by a drop in the performance of the air curtain.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 2. Measured convective heat losses from a cavity with and without air curtain at wind speeds of 0 m/s, 6 m/s and 9 m/s. 
at  = 0° and 30°. Test conditions:  = 0°, T = 300° C,  = 15°. 

 
To get a better insight of the convective losses from different parts of the cavity, the heaters on the inner side of 

the cavity are divided into five different sections including upper rear, upper front, lower rear, lower front and back 
plate. Figure 3a presents the relative natural convective heat losses from different sections of the cavity at Vac= 0 m/s 
(no air curtain), 9 m/s and 18 m/s to the natural convective heat losses of no air curtain. The total natural convective 
heat losses from the cavity are also presented in Figure 3b. As it is mentioned above, the air curtain has a better 
performance at a discharge angle of 30°, therefore the results for  = 30° are presented here. Figure 3a shows that as 
the velocity of the air curtain increases the convective heat losses from all sections of the cavity except the back plate 
decrease constantly. As it is shown in Figure 3b, by employing an air curtain with a velocity of 18 m/s the total 
convective heat losses decrease by 157 W. A significant part of this decrease occurs at the lower front section which 
is more than 60% of total convection losses reduction. The relative convective heat losses from each section of the 
cavity to the total convective heat losses for each experimental case are presented in Table 1. As can be seen from the 
table, the lower front part of the cavity contributes the most to the convective heat losses within the cavity for all 
experimental cases.  
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FIGURE 3. a) The relative partial and total natural convective heat losses at Vac= 0 m/s, 9 m/s and 18 m/s to those at no air 
curtain condition, b) Absolute natural convective heat losses from cavity at different velocity of air curtain of 0 m/s, 9 m/s and 18 

m/s at discharge angle of 30°. (UR: Upper Rear, UF: Upper Front, LR: Lower Rear, LF: Lower Front, BP: Back Plate). 
 
 

TABLE 1. Percentage of natural convective heat losses from each section of the cavity for the different 
experimental cases with Vac=0 m/s, 9 m/s and 18 m/s at =30°. 

 

Vac Upper 
Rear 

Upper 
Front 

Lower 
Rear 

Lower 
Front 

Back 
Plate 

0 m/s 3 7 22 63 5 

9 m/s 1 8 29 60 1 

18 m/s 1 8 22 64 4 

  
The variation of the convection losses from different sections of the internal surface of the cavity at Vac= 18 m/s 

for both discharge angles of =0° and 30° are illustrated in Figure 4a. As the figure presents, as the discharge angle 
increases from 0° to 30°,  the total convective heat losses decrease by 70%. The main reduction occurs at the lower 
sections of the cavity which are mainly involved with the turbulence of the flow from the air curtain at a discharge 
angle of 0°. This highlights the importance of use an air curtain at a proper discharge angle to mitigate the convective 
heat losses. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) a) 

FIGURE 4. The variation of natural convective heat losses  from a) different sections of a cavity and b) total cavity 
surface at Vac=18 m/s for two different discharge angles of  0° and 30°.  (UR: Upper Rear, UF: Upper Front, LR: 

Lower Rear, LF: Lower Front, BP: Back Plate). 

a) b) 
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The measured distribution of relative heat losses from different sections of the cavity to total convective heat losses 
with and without an air curtain at a wind speed of 9 m/s where the forced convective heat losses are dominant are 
presented in Figure 5a. As the figure illustrates, in general, by applying an air curtain the convective heat losses from 
all different sections of the cavity reduce. As the velocity of the air curtain increases the convective heat losses decline 
gradually. However, the current study examined a limited increase in the velocity of the air curtain and the effect of a 
further increase of the air curtain on convective heat losses needs to be investigated.  

Table 2 presents the percentage of the convective heat losses from different sections of the cavity for each 
experimental case. As the table depicts, consistent with no wind condition, the maximum convective heat losses are 
from the lower front part of the cavity. This highlights the importance of developing a strategy which mitigates the 
convective heat losses from the lower part of the cavity. For instance, using an air curtain, blowing from the lower 
side of the aperture upward has the potential to reduce the convective heat losses [10] and it can lessen the convective 
heat losses from the lower part by preventing the cold air entrainment into the cavity from the lower part.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE 2. Percentage of convective heat losses from each section of the cavity for the experimental cases with 

Vac=0 m/s, 9 m/s and 18 m/s at  = 30° and wind speed of 9 m/s.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Vac Upper 
Rear 

Upper 
Front 

Lower 
Rear 

Lower 
Front 

Back 
Plate 

0 m/s 18 16 27 28 13 

9 m/s 17 16 25 32 11 

18 m/s 18 18 25 28 12 

FIGURE 5. a) The relative partial and total convective heat losses at Vac= 0 m/s, 9 m/s and 18 m/s to those at no air 
curtain condition, b) Absolute convective heat losses form the cavity at different velocity of air curtain of 0 m/s, 9 
m/s and 18 m/s at discharge angle of 30° and wind speed of 9 m/s. (UR: Upper Rear, UF: Upper Front, LR: Lower 

Rear, LF: Lower Front, BP: Back Plate) 

b) 
 

a) 
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The variation of the convective heat losses from different sections within the cavity by use an air curtain at a 
velocity of 18 m/s and two different discharge angles of 0° and 30° is illustrated in Figure 6a. The total convective 
heat losses from the cavity corresponding to the cases presented in Figure 6a are presents in Figure 6b. As the figure 
presents by varying the discharge angle of the air curtain, the convection losses from all sections of the cavity decrease. 
However, the total convective heat losses reduce by 16% which is significantly less than that for no wind condition. 
This shows that the improvement in the performance of the air curtain through the variation of the discharge angle at 
higher wind speeds decreases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CONCLUSIONS 

In conclusion, the use of an air curtain has found to generate a complex influence on convective heat losses, which 
vary with the wind speed, velocity and angle of the air curtain. It is found that using an air curtain with an angle of 30° 
outward the aperture yields better performance than one aligned parallel to the face of the receiver. However, for high 
external wind speeds the effect of the discharge angle is less than the low wind speed cases. In the best case of the 
configuration investigated here, the natural convective heat losses were lowered by 60% and the mixed heat losses were 
reduced by 32 %. The distribution of heat losses from different sections of the cavity reveals that the lower front part of 
the cavity is the most critical section as it has the highest convective heat losses even after the application of a downward-
blowing an air curtain. It is investigated that the greatest reduction of convective heat losses by use of an air curtain occurs 
at the lower section of the cavity.  

 
 

REFERENCES 
 

1. H. M.-S. FREng and F. Trieb, "Concentrating solar power: A review of the technology," Ingenia Inform QR 
Acad Eng, vol. 18, pp. 43-50, 2004. 

2. A. M. Clausing, "An analysis of convective losses from cavity solar central receivers," Solar Energy, vol. 27, pp. 
295-300, 1981. 

3. K. L. Lee, A. Chinnici, M. Jafarian, M. Arjomandi, B. Dally, and G. Nathan, "Experimental investigation of the 
effects of wind speed and yaw angle on heat losses from a heated cavity," Solar Energy, vol. 165, pp. 178-188, 
2018. 

4. K. L. Lee, A. Chinnici, M. Jafarian, M. Arjomandi, B. Dally, and G. Nathan, "The influence of wall temperature 
distribution on the mixed convective losses from a heated cavity," Applied Thermal Engineering, vol. 155, pp. 
157-165, 2019/06/05/ 2019. 

FIGURE 6. a) Absolut convective heat losses (w) from different sections of a cavity b) Total absolute convective 
heat losses (W) at wind speed of 9 m/s for the velocity of air curtain of 18 m/s and two discharge angles of 0° and 

30°. (UR: Upper Rear, UF: Upper Front, LR: Lower Rear, LF: Lower Front, BP: Back Plate). 

163



5. K. L. Lee, A. Chinnici, M. Jafarian, M. Arjomandi, B. Dally, and G. Nathan, "The influence of wind speed, 
aperture ratio and tilt angle on the heat losses from a finely controlled heated cavity for a solar receiver," 
Renewable Energy, vol. 143, pp. 1544-1553, 2019. 

6. R. D. Jilte, S. B. Kedare, and J. K. Nayak, "Investigation on Convective Heat Losses from Solar Cavities under 
Wind Conditions," Energy Procedia, vol. 57, pp. 437-446, 2014. 

7. K. L. Lee, M. Jafarian, F. Ghanadi, M. Arjomandi, and G. J. Nathan, "An investigation into the effect of aspect 
ratio on the heat loss from a solar cavity receiver," Solar Energy, vol. 149, pp. 20-31, 2017. 

8. S.-Y. Wu, L. Xiao, Y. Cao, and Y.-R. Li, "Convection heat loss from cavity receiver in parabolic dish solar 
thermal power system: A review," Solar Energy, vol. 84, pp. 1342-1355, 2010. 

9. R. Uhlig, R. Flesch, B. Gobereit, S. Giuliano, and P. Liedke, "Strategies Enhancing Efficiency of Cavity 
Receivers," Energy Procedia, vol. 49, pp. 538-550, 2014. 

10. S. Yang, J. Wang, P. D. Lund, S. Wang, and C. Jiang, "Reducing convective heat losses in solar dish cavity 
receivers through a modified air-curtain system," Solar Energy, vol. 166, pp. 50-58, 2018. 

11. S. Goubran, D. Qi, W. F. Saleh, L. Wang, and R. Zmeureanu, "Experimental study on the flow characteristics of 
air curtains at building entrances," Building and Environment, vol. 105, pp. 225-235, 2016. 

12. R. T. Taussig, "Aerowindows for central solar receivers," American Society of Mechanical Engineers, Winter 
Annual Meeting, New Orleans, LA, , p. 12, Dec. 9-14, 1984 1984. 

13. J. J. Zhang, J. D. Pye, and G. O. Hughes, "Active Air Flow Control to Reduce Cavity Receiver Heat Loss," p. 
V001T05A023, 2015. 

14. J. P. Graham Hughes, Martin Kaufer, Ehsan Abbasi- Shavazi, Jack Zhang, Adam McIntosh, Tim Lindley, 
"Reduction of convective losses in solar cavity receivers," presented at the SolarPACES 2015, Cape Town, South 
Africa, 2015. 

15. F. C Hayes and W. F. Stoecker, "Heat transfer characteristics of the air curtain,"  vol. 2120, ed. ASHRAE Trans., 
1969. 

16. F. C Hayes and W. F. Stoecker, "Design data for air curtains,"  vol. 2121, ed: ASHRAE Trans, 1969. 
17. L. Zhang, Z.-z. Yan, Z.-h. Li, X.-m. Wang, X.-f. Han, and J.-c. Jiang, "Study on the Effect of the Jet Speed of 

Air Curtain on Smoke Control in Tunnel," Procedia Engineering, vol. 211, pp. 1026-1033, 2018. 

164



22nd Australasian Fluid Mechanics Conference AFMC2020 
Brisbane, Australia, -10 December 2020 

 

Impact of Yaw angle on the Effectiveness of an Air Curtain for Solar Cavity 
Receivers 

E. Alipourtarzanagh1, A. Chinnici1, Z. Tian1, G. Nathan1 and B. Dally1 

1Centre for Energy Technology, School of Mechanical Engineering

The University of Adelaide, South Australia 5005, Australia 

Abstract 

An experimental study was performed to quantify the 
effectiveness of an air curtain through the direct measurement 
of the convective heat losses from a scaled-down heated cavity 
receiver (0.3 m ID, 0.45 m length and 0.1 m aperture) in a large 
wind tunnel. The tilt angle of the cavity was kept constant at 
15° while the yaw angle changed from 0° to 45° and 90° for 
wind speeds of 0, 3, 6 and 9 m/s. A blowdown purpose-
designed air curtain was used to establish an aerodynamic 
barrier across the aperture of the cavity. The velocity of the air 
curtain flow was changed from 4.5 to 9 and 18 m/s with two 
different discharge angles of 0° and 30°. The results show that 
a low velocity side-wind decreases the convective heat losses. 
It is also found that the application of the blowdown air curtain 
with a side wind (yaw angles of 45° and 90°) increases the 
convective heat losses by 2.7 times over the no air curtain case 
for these conditions.   

Keywords 

Aerodynamics; convection; solar cavity receiver; air curtain; 
heat losses, thermal efficiency. 

Introduction 

The installation of Concentrated Solar Thermal energy (CST) 
technology, as an alternative to fossil based energy generation, 
has been growing steadily over the years to a worldwide 
installed capacity of 6.3 GW in 2019 [1]. Such a development 
is accompanied by the growth in the deployment of solar towers 
as a cost-effective way to achieve high temperatures at scales 
of order 100 MW. Solar tower systems include the three main 
components of a tower, a heliostat field and a central receiver. 
There are two main types of the solar tower central receiver, 
namely externally radiated and cavity receivers. The cavity type 
central receivers have the potential to provide an energy source 
for temperatures of up to ~1200  [2]. However, the losses 
from cavity receivers, comprising convection, conduction and 
radiation, reduce their thermal efficiency markedly [3]. The 
reduction of these losses, including convection losses as the 
most complex one, is driving technology development toward 
higher thermal efficiency and to secure cost reduction of the 
whole power plant. In this context, the application of fluidic 
barrier that can establish a transparent shield across the aperture 
in order to reduce convection heat losses, while permitting the 
solar radiation into the cavity, is being investigated [4].  

The deployment of an air curtain as an aerodynamic barrier in 
the vicinity of the aperture of the solar cavity has been studied 
both experimentally and numerically [5-10]. It has been found 
that the velocity, the discharge angle, the orientation and the 
momentum of the curtain flow are parameters that influence the 
effectiveness of the air curtain. The operating conditions of the 
cavity are also found to affect the performance of the air curtain 
including the wind speed and tilt angle of the cavity. In our 
previous experimental study [7], it is found that the application 
of a downward blowing air curtain for the heated cylindrical 
cavity at a tilt angle of 15° and head-on wind conditions, 

reduces the natural convective heat losses by 60%. For the 
momentum dominated heat transfer regime reduction of 7% has 
been reported. However, the effect of wind direction on the 
performance of the air curtain was yet to be investigated.  

Considering the practical operating conditions of the solar 
cavity receivers under the varying wind direction, this study 
aims to investigate the effect of wind direction on the 
effectiveness of a downward blowing air curtain. 

Methodology 

The current experiments were carried out in the open section of 
the large wind tunnel of the University of Adelaide using the 
experimental setup that was primarily composed of an 
electrically heated cavity receiver, power control system and an 
air curtain. The test section of the wind tunnel (3 m × 3 m) was 
used to provide air with a mean velocity of 0, 3, 6 and 9 m/s. A 
scale-down model of cylindrical solar cavity receiver (ID = 0.3 
m, L = 0.45 m) was designed and built using 16 electrically 
heaters. An aperture with a diameter of 0.1 m was fitted on the 
front plane of the cavity. The details of the cavity have been 
previously provided by Lee et al. [11]. Hence, and for brevity, 
only an overview of the experimental apparatus is presented 
here. The internal surfaces of the cavity are composed of copper 
plates attached to the band heaters providing reasonably 
uniform temperature across each section of the internal surface. 
The power required to maintain the internal surface of the 

 and recorded for the steady-state 
of 300 s as it is defined in our previous work [7]. The external 
surfaces of the cavity were covered with insulating material to 
minimize the conductive heat losses. The cavity was 
manufactured on a standing frame so that the tilt angle of the 
cavity can be varied according to the experimental plan. The tilt 
angle of the cavity was fixed for all experimental cases 
investigated here at  = 15°. The yaw angle of the cavity 
defined as the horizontal angle between the normal direction of 
the aperture plane and wind direction ( ) varied between 0° to 
90° by variation of the cavity position in the open test section 
of the wind tunnel (Figure 1).  

An air curtain was engineered to provide airflow across a 
rectangular slit of 2 mm×165 mm with a mean outlet velocity 
of u0 = 0, 4.5, 9 and 18 m/s consistent with our previous study 
[7]. A rotary screw compressor (Kaeser -SM9) was used to 
supply air into the inlet section of the air curtain. A flowmeter 
(Alicat Scientific MCR-1000 SLPM) was used to measure the 
volumetric airflow rates. The discharge angle of the air curtain 
( ) was changed between 0° to 30° by rotating the air curtain 
around the pivot points on the upper side of the aperture.  

The power control system measured the total power of each 
experimental case using K-type thermocouples, data logger, 
MATLAB and Simulink programs installed on a computer, 
Arduino and DMX (lighting boxes). The temperature of each 
internal surface of the cavity was measured using K-type 
thermocouples and was recorded by the data logger. These 
temperatures were used for the feedback control system which 
uses installed software on the computer. The output power 
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signal from the computer was controlled by Arduino and DMX 
lightning box.   

The total power comprises the convective, conductive and 
radiative losses. Providing the equivalent experimental 
conditions for two cases with a closed aperture and open 
aperture, conductive heat losses could be obtained. The 
radiation losses could be calculated with high accuracy using 
the fourth power of the cavity temperature. By deduction of 
conductive and radiative losses, the convective losses of each 
experimental case were obtained (Equation1).  = ( + ).                (1) 

difference of the Qconv of the cases with and without an air 
curtain relative to those of the equivalent case without an air 
curtain as the reference case: = , ,,  

              
Figure 1. Schematic of the cavity at the wind tunnel a) isometric b) top 
view. 

The dimensionless inverse Richardson number (the ratio of the 
Grashof number to the square of the Reynolds number) is used 
to characterise the heat transfer regime within the cavity, as 
defined in equation 3. The low values of inverse Richardson 
number designate the buoyancy dominated convection regime 
whereas the high values (i.e 1/Ri >10) indicate the dominance 
of momentum in the heat transfer process.  = = ( ) ,   (3) 

where g is the gravitational acceleration,  is thermal expansion 
coefficient, Twall is the temperature of the internal surfaces of 
the cavity,  is the temperature of the ambient, Dcav is the 
internal diameter of the cavity and uw is the wind speed.    

Uncertainty  

The experimental apparatus and wind tunnel used in this study 
are similar to our previous work [7], hence the uncertainty of 
the mean wind speed, heat loss measurements and velocity of 
blown air curtain are as stated in the previous work. 

The following table provides the accuracy of the measurement 
tools. 

Parameter Accuracy 

Yaw angle 0.01° 

Tilt angle 0.01° 

Volumetric flow 0.8% Of 
reading 

Temperature 0.01  
Wind velocity  0.01 m/s 

Table 1. Accuracy of the measurement devices.

Results and discussion  

Figure 2 presents the absolute values of convective heat losses 
from the cavity without an air curtain at three yaw angles of 0°, 
45° and 90° for wind speeds of 0, 3, 6 and 9 m/s. As the figure 
shows increasing the yaw angle significantly decreases the 
convective heat losses. So that at a wind speed of 9 m/s, 62% 
and 75% reduction in convective heat losses are reported for 
yaw angle of 45° and 90°, respectively compared to head-on 
wind condition. This is mainly because of the protecting role of 
the cavity as an enclosure which results in less external cold 
flow into the cavity.  

In general, it is expected that increasing the wind speed causes 
more convective heat losses due to the higher velocity of the 
flow inside the cavity that shrinks the stagnant zone and results 
in more exchange of the cold air outside the cavity with hot air 
inside the cavity. However, an exception for this is the low side 
wind condition for which the convective heat losses reduce 
compared to no wind condition. As it can be seen in Figure 2 
by increasing the wind speed from 0 to 3 m/s, for both yaw 
angles of 45° and 90°, the Qconv decreases by 33% and 63%, 
respectively. Furthermore, at yaw angle of 90° even at a wind 
speed of 6 m/s there is a 2% reduction in convective heat losses 
compared with no wind case. This implies that airflow with 
appropriate direction and velocity has the potential to act as an 
aerodynamic shield across the aperture. The aerodynamic 
barrier restricts the interaction of the external flows and hot air 
inside the cavity and consequently the convective heat losses 
decreases.    

 
Figure 2. Absolute values of convective heat losses for a variety of yaw 
angles at = 0, 3, 6 and 9 m/s, for the cases without an air curtain. Test 
conditions: T = 300 ,  = 15°. 
 
Figure 3 presents the effectiveness of the air curtain of the 
experimental cases with a wind speed of a) 3, b) 6 and c) 9 m/s 
and curtain velocity of 4.5, 9 and 18 m/s for two discharge 
angles of 0° and 30°.  From Figure 3.a, which corresponds to a 
wind speed of 3 m/s, it is clear that the application of air curtain 
at yaw angles of 45° and 90° increases the convective heat 
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losses significantly so that they are about 2.7 times compared 
with the case with no air curtain. The results indicate that for a 
wind speed of 3 m/s where the inverse Richardson number is 
4.8 (mixed convective heat losses), the application of air curtain 
at either discharge angles is not beneficial. The results for a 
wind speed of 6 m/s at Figure 2.c, corresponding to inverse 
Richardson number of 19 (momentum dominated regime) also 
show that the application of the air curtain failed to decrease the 
convective heat losses at a yaw angle of 45°. However, at a yaw 
angle of 90°, the low-speed curtain with a discharge angle of 
30° has an effectiveness of 35%. At a wind speed of 9 m/s, 
corresponding to an inverse Richardson number of 43 
(momentum dominated regime), as presented in Figure 2.c the 
low-speed curtain at a yaw angle of 45°, reduces the convective 
heat losses by 19% compared to no curtain case. For a yaw 
angle of 90°, the effectiveness of an order of 10% is reported 
for both low and high curtain velocities.  

The results revealed that for a yaw angle of 0° (head on wind 
condition), as it is discussed in our previous paper [7], the 
discharge angle of the air curtain is an important metrics that 
affect effectiveness of the air curtain. An air curtain pointed 
downward with a 30° angle relative to the aperture plane 
establishes an aerodynamic barrier that partially inhibits the hot 
air egress from cavity and external cold air ingress into the 
cavity. Although, the air curtain flow parallel to the aperture 
plane establishes the aerodynamic shield across the aperture, 
the expansion of the air flow downstream the curtain outlet  
increases the mixture of the cold air with the hot air from cavity. 
This results in an increase in the convective heat losses 
compared to no air curtain case.  

For the yaw angle of 45° and a discharge angle of 30°, the wind 
is flowing with a horizontal angle of 45° toward the normal 
direction of the aperture while the inclination angle of the air 
curtain toward the aperture plane permits the wind flow enters 
the cavity. On the other hand, the wind flow redirects the curtain 
flow, which is expanded downstream, into the cavity. The 
additional flow from the air curtain causes more convective heat 
losses compared with no air curtain cases. At a discharge angle 
of 0°, due to the expansion of the curtain flow downstream the 
curtain outlet, airflow enters the cavity and causes more 
convective heat losses compared to no curtain case. For side on 
wind condition, the wind flow encounters the side of the curtain 
flow. The expanded air jet flow from the air curtain is not 
preventing the forced convective heat losses and increases the 
losses due to the mixing of the flows in the vicinity of the 
aperture.  

Figure 4 presents the distribution of the convection losses from 
different sections of the cavity at a yaw angle of 45° and wind 
speed of 9 m/s for the cases with u0 = 4.5 and 18 m/s and both 
discharge angles of 0° and 30°. As can be seen from the figure 
the application of an air curtain with low velocity of 4.5 m/s 
reduces the convective losses from all sections of the cavity for 
both discharge angles. This implies that curtain flow establishes 
a partial shield at upper side of the aperture that inhibits hot air 
from leaving the cavity and as a result the stagnant zone inside 
the cavity, that contains hot air, expands and the convective heat 
losses reduces.  

 
Figure 3. Effectiveness of the air curtain at verity of velocities (u0 = 
4.5, 9 and 18 m/s) as a function of yaw angle of the cavity (  = 0°, 
45° and 90°) for wind speeds of (a) 3 m/s, (b) 6 m/s and (c) 9 m/s. 
Test conditions: T = 300 ,  = 15°. 

 

As the figure shows increasing the velocity of the air curtain 
results in an increase in the losses from the lower front section 
of the cavity. For the air curtain with u0 =18 m/s and  = 0°, 
there is a significant increase in losses from the lower front 
section of the cavity. That is, this configuration of air curtain, 
induces additional cold air into the cavity to increase convective 
heat losses from the internal section in the proximity of the 
lower aperture. The figure also shows that for high speed 
curtain configuration the convective heat losses from all 
sections of the cavity increases. The egress of cold air into the 
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cavity generates a large eddy circulation inside the cavity [7] 
and expands the convection zone.  

 

Figure 4. a) Schematic diagram of different sections of the cavity (UR: 
Upper rear, UF: Upper front, LR: Lower rear, LF: Lower front, BP: 
Back plate), b) convective heat losses from different sections of the 
cavity for = 9 m/s,  = 45° for the cases without air curtain, u0 = 4.5 
m/s (  = 0° and 30°) and u0 = 18 m/s (  = 0° and 30°). Test conditions: 
T = 300 ,  = 15°,  = 30°. 

 

Conclusions 

Reported in this experimental study is the effectiveness of a 
downward blowing air curtain to reduce convective heat losses 
from a laboratory-scale cylindrical heated cavity receiver. The 
results provide insights into the design of fluidic barriers of 
tower type solar cavity receivers aiming to mitigate the 
convective heat losses to achieve higher thermal efficiency of 
solar plants. The absolute values of convective heat losses 
measured at a variety of wind speeds and yaw angles of the 
cavity demonstrated that the external lateral airflow has the 
potential to reduce the convective heat losses. So that a side on 
wind speed of 3 and 6 m/s reduced the convective heat losses 
63% and 2%, respectively compared with no wind conditions.  

It is also found that while a low-velocity air curtain, at yaw 
angles of 45° and 90°, reduces the convective heat losses 
slightly, in most cases the deployment of the downward 
blowing air curtain increases the losses. In particular, a high 
velocity curtain flow was found to increase the convective heat 
increased by up to 2.7 times. Our other investigations, currently 
under review elsewhere, report the application of a side suction 
curtain as a more effective strategy to mitigate heat losses.  
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