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Abstract 
Development of an Open Volumetric Air Receiver for a Rock 

Bed Thermal Energy Storage System 

JC Nel 

Department of Mechanical and Mechatronic Engineering, 
Stellenbosch University, 

Private Bag X1, Matieland 7602, South Africa 

Thesis: MEng (Mech) 
December 2017 

Concentrating solar power technology combined with a thermal energy storage 
system offers a sustainable and dispatchable energy technology which can 
produce electricity on demand. However, the high costs and advanced technology 
requirements associated with these systems need to be addressed in order to make 
them more cost effective and viable for local implementation. In this study an 
open volumetric air receiver was developed as a suitable solution to overcome the 
mentioned limitations. This technology has an inherently simple design with the 
benefit of using air as HTF that is abundantly available and has no environmental 
impact. 

The ultimate goal of this work is to use the open volumetric air receiver to charge 
a rock bed thermal energy storage system. In this project the first steps were taken 
through developing an absorber concept for this use. The concept was aimed 
towards a simple and cost effective design, which satisfies local manufacturing 
capabilities and material availability. The charging requirements for the rock bed 
allowed for the use of a metallic absorber, since the maximum charging air 
temperature is 600 °C. A stack of stainless steel wire mesh screens with a 
gradually decreasing porosity through its depth was identified as a cost-effective 
and simple absorber concept. The stack of wire mesh screens was placed inside a 
modular stainless steel cup to form a scalable absorber module. 

A numerical model was developed to investigate the heat and radiation transfer 
inside the porous absorber. The model assumed local thermal non-equilibrium 
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between the screen and the air temperatures and approximated the radiation as a 
volumetric heat source. The use of low porosity wire mesh screens in the front of 
the absorber, followed by a finer screen deeper in its volume reduced the thermal 
losses and allowed better penetration of the incident flux, as well as enhanced the 
heat transfer through the absorber. The air mass flow rate proved to have a 
significant influence on the outlet air temperature. A lower flow rate increased the 
outlet air temperature, but also caused an increase in thermal loss due to the 
higher front temperature and lower heat transfer coefficient, and hence lowered 
the thermal efficiency of the absorber. 

The absorber prototype and a small scale central receiver test tower was designed, 
manufactured and installed on an available 1 kWth medium flux concentrator to 
experimentally test and validate the concept. Different configurations of mesh 
screens were tested at different air mass flow rates. The best mesh configuration 
produced hot outlet air at 405 °C to 488 °C at thermal efficiencies of 
87 % to 58 % in an average incident flux level of 55.3 kW/m2. The results 
produced by the model were in very good agreement with the experimental results 
at higher flow rates and adequately predicted its trend. At lower flow rates, 
however, the model overestimated the thermal performance. Finally this project 
proved that the wire mesh screen absorber concept with a gradually decreasing 
porosity is a suitable solution for the use in an open volumetric air receiver to 
charge a rock bed thermal energy storage system. 
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Uittreksel 
Ontwikkeling van ‘n Oop Volumetriese Lugontvanger vir ‘n 

Rotsbed Termiese Energie Stoorstelsel 

JC Nel 

Departement Meganiese en Megatroniese Ingenieurswese, 
Universiteit van Stellenbosch, 

Privaatsak X1, Matieland 7602, Suid Afrika 

Tesis: MEng (Meg) 
Desember 2017 

Gekonsentreerde sonkragtegnologie gekombineer met 'n termiese-energie 
stoorstelsel bied 'n volhoubare en versendbare energietegnologie wat elektrisiteit 
op aanvraag kan lewer. Die hoë koste en gevorderde tegnologie-vereistes wat met 
hierdie stelsels verband hou, moet egter aangespreek word om hul meer koste-
effektief en lewensvatbaar te maak vir plaaslike implementering. In hierdie studie 
was 'n oop volumetriese lugontvanger ontwikkel as 'n geskikte oplossing om die 
genoemde beperkings te oorkom. Hierdie tegnologie het 'n inherente eenvoudige 
ontwerp, met die voordeel om lug te gebruik as hitte-oordragvloeistof wat 
oorvloedig beskikbaar is en geen omgewingsimpak het nie. 

Die uiteindelike doelwit van hierdie werk is om die oop volumetriese 
lugontvanger te gebruik om 'n rotsbed termiese energie stoorstelsel te laai. In 
hierdie projek was die eerste stappe geneem om 'n konsep vir ŉ absorbeerder te 
ontwikkel vir hierdie gebruik. Die konsep was gemik op 'n eenvoudige en koste-
effektiewe ontwerp wat voldoen aan plaaslike vervaardigingsvermoëns en 
materiaal beskikbaarheid. Die laaivereistes vir die rotsbed laat die gebruik van 'n 
metaalabsorbeerder toe, aangesien die maksimum lugtemperatuur 600 °C is. 'n 
Stapel vlekvrye staal gaas skerms met 'n geleidelik dalende porositeit deur die 
diepte was geïdentifiseer as 'n koste-effektiewe en eenvoudige absorbeerder 
konsep, en is geplaas in 'n modulêre vlekvrye staal koppie wat 'n skaalbare 
absorbeerder module vorm. 

'n Numeriese model was ontwikkel om die hitte en bestraling oordrag binne die 
poreuse absorbeerder te ondersoek. Die model het lokale termiese nie-ewewig 
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tussen die skerm en die lugtemperature aangeneem en die straling benader as 'n 
volumetriese hittebron. Die gebruik van lae porositeit gaas skerms in die voorkant 
van die absorbeerder, gevolg deur 'n fyner skerm dieper in die volume verminder 
die termiese verliese en laat beter penetrasie van die gekonsentreerde straling toe, 
sowel as die hitteoordrag deur die absorbeerder. Die lugmassa se snelheid het 'n 
beduidende invloed op die uitlaatlugtemperatuur. 'n Laer vloeitempo het die 
uitlaatlugtemperatuur verhoog, maar het ook 'n toename in termiese verlies as 
gevolg van die hoër voortemperatuur asook verswakte hitte oordrag koeffisiënt 
veroorsaak, en sodoende die termiese doeltreffendheid van die absorbeerder 
verlaag 

Die prototipe van die absorbeerder, en 'n kleinskaalse sentrale ontvanger 
toetstoring, was ontwerp, vervaardig en geïnstalleer op 'n beskikbare 1 kW 
konsentrator om die konsep eksperimenteel te toets en te valideer. Verskillende 
konfigurasies van maasskerms is by verskillende vloeitempo's getoets. Die beste 
gaas konfigurasie het warm uitlaat lug by 405 °C tot 488 °C met ‘n termiese 
doeltreffendheid van 87 % tot 58 % gelewer, met 'n gemiddelde voorvalvloeivlak 
van 55.3 kW/m2. Die resultate wat deur die model geproduseer is, was in baie 
goeie ooreenstemming met die eksperimentele resultate by hoër vloeitempo's en 
het die tendens voldoende voorspel. Dit het egter die termiese doeltreffendheid 
oorskat by laer vloeitempo's. Uiteindelik het hierdie projek bewys dat die draad 
gaas skerms absorbeerder konsep met 'n geleidelik dalende porositeit 'n geskikte 
oplossing is vir die gebruik in 'n oop volumetriese lugontvanger om 'n rotsbed 
termiese energie stoorstelsel te laai. 
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Nomenclature 
 

Constants 

 287.058 J/(kg·K) 

				  5.67 x 10-8 W/(m2·K4) 

 

Variables 

A Area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ m2 ] 

 Absorption coefficient. . . . . . . . . . . . . . . . . . . . . . [-] 

C Multiplication factor. . . . . . . . . . . . . . . . . . . . . . .  [-] 

c Concentration ratio. . . . . . . . . . . . . . . . . . . . . . . .  [-] 

cf Compactness factor. . . . . . . . . . . . . . . . . . . . . . . . [-] 

 Specific heat capacity at constant pressure. . . . . . [ J/(kg·K) ] 

DNI Direct normal irradiance. . . . . . . . . . . . . . . . . . . . [ W/m2 ] 

d Diameter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [ m ] 

E Volumetric heat source. . . . . . . . . . . . . . . . . . . . . [ W/m3 ] 

 Height (mesh aperture) . . . . . . . . . . . . . . . . . . . . . [ m ] 

h Enthalpy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [ kJ/kg ] 

 Volumetric heat transfer coefficient. . . . . . . . . . .  [ W/(m3·K) ] 

I Concentrated solar flux. . . . . . . . . . . . . . . . . . . . . [ W/m2 ] 

i Node number. . . . . . . . . . . . . . . . . . . . . . . . . . . . . [-] 

K Extinction coefficient. . . . . . . . . . . . . . . . . . . . . .  [ m-1 ] 

 Thermal conductivity. . . . . . . . . . . . . . . . . . . . . .  [ W/(m·K) ] 

L Length. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ m ] 

M Mesh number. . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ m-1 ] 
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 Mass flux. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ kg/(m2·s) ] 

 Mass flow rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . [ kg/s ] 

Nr Number/amount. . . . . . . . . . . . . . . . . . . . . . . . . . . [-] 

Nu Nusselt number. . . . . . . . . . . . . . . . . . . . . . . . . . .  [-] 

 Open area ratio. . . . . . . . . . . . . . . . . . . . . . . . . . .  [-] 

∆  Differential pressure. . . . . . . . . . . . . . . . . . . . . . .  [ Pa ] 

PoA Power on Aperture. . . . . . . . . . . . . . . . . . . . . . . .  [ W ] 

Pr Prantdl number. . . . . . . . . . . . . . . . . . . . . . . . . . .  [-] 

 Thermal power in outlet air. . . . . . . . . . . . . . . . . . [ W ] 

Re Reynolds number. . . . . . . . . . . . . . . . . . . . . . . . . . [-] 

 Temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [ °C ] 

t Time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [ s ] 

U Uncertainty. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [ % ] 

 Superficial velocity. . . . . . . . . . . . . . . . . . . . . . . . [ m/s ] 

 Volumetric flow rate. . . . . . . . . . . . . . . . . . . . . . . [ m3/s ] 

v Velocity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ m/s ] 

Z Absorber depth. . . . . . . . . . . . . . . . . . . . . . . . . . .  [ m ] 

 Specific surface area. . . . . . . . . . . . . . . . . . . . . . . [ m-1 ] 

 Venturi inlet to throat diameter ratio. . . . . . . . . . . [-] 

 Scattering coefficient. . . . . . . . . . . . . . . . . . . . . . . [-] 

x, y, z Coordinates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ m ] 

 Absorptivity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [-] 

 Emissivity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [-] 

 Efficiency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [-] 

 Dynamic viscosity. . . . . . . . . . . . . . . . . . . . . . . . . [ kg/(m·s) ] 

 Kinematic viscosity. . . . . . . . . . . . . . . . . . . . . . . . [ m2/s ] 

 Density. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [ kg/m3 ] 

 Variance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [ m-1 ] 

 Volumetric porosity. . . . . . . . . . . . . . . . . . . . . . . . [-] 
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e effective 

f fluid 

h hydraulic 
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in inlet condition 

l local 

max maximum 
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rad radiation 
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th thermal 
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Chapter 1 

1.Introduction 

1.1. Background to Research Problem 

The energy production and consumption sector accounts for around two-thirds of 
global greenhouse gas emissions through the burning of fossil fuels, according to 
a joint report by the International Energy Agency (IEA) and the International 
Renewable Energy Agency (IRENA) (2017). In order to limit the global mean 
temperature rise to below 2 °C as stated in the Paris Climate Agreement, an 
extensive energy transition is required. This requires that low-carbon sources such 
as renewable energies increase from around 15 % of the primary energy sector in 
2015, to 65 % in 2050 (IEA, 2017). 

Renewable power generation technologies have already made rapid progress in 
installed capacity all over the world over the past few years. Since 2011 these 
technologies have made up more than half of the total new power generation 
capacity added globally, and in 2015 a record 148 GW of renewable power was 
added (IRENA, 2016).  

Concentrating solar power (CSP) is considered a key contributor in the mix of 
renewable energy technologies. This technology has experienced an increase in 
momentum in the recent couple of years, especially in countries with high solar 
resources such as Morocco, United Arab Emirates, Chile and South Africa 
(IRENA, 2016). CSP had a global capacity of 4941 MWe in operation, with 
another 4162 MWe in planning by March 2016 (CSP Today, 2016). 

1.1.1. Concentrating Solar Power Technology 

CSP technology uses concentrated solar radiation to heat up a heat transfer fluid 
(HTF), which is then used to power conventional power cycles. A typical CSP 
plant consists of four subsystems; the solar collector field, the receiver, the 
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generate more electricity, thereby reducing the levelized cost of electricity 
(LCOE) (Lubkoll, 2017). The CRS technology is anticipated to deliver large cost 
breakthroughs in terms of design changes in the solar field as well as increased 
receiver efficiencies (Sager et al., 2015). These characteristics will allow CRS to 
surpass PTs as the most cost competitive CSP technology by 2025 (IRENA, 
2016). 

There are different CRS classification criteria based on the receiver layout, HTF 
and the absorber material. The various CRS technologies and their different types, 
HTF and temperature ranges are shown in Table 1.1. The receiver provides 
thermal energy which can be used to drive a power cycle. The outlet temperature 
of the HTF typically dictates whether a Rankine or a Brayton cycle is used. 

Table 1.1: Various central receiver technology types with their HTFs and operating temperatures 
(adapted from (Buck, 2016)) 

Technology Type HTF 
Operating 

Temperature, 
°C 

Volumetric 
receiver 

Open volumetric 
receiver 

Ambient air < 800  

Closed volumetric 
receiver 

Compressed air  
(4 to 10 bar) 

< 1000  

Tubular 
receiver 

 

Ambient air < 800  
Water/steam < 600  
Molten salt 
(solar salt) 

min 280,  
max 565  

Liquid metals < 890  
Direct 

absorbing 
receiver 

Falling particle 
receiver 

Particles < 1000  

Ceramic plate 
receiver 

Flat receiver 
Compressed air  

(4 to 10 bar) 
< 1000  

Open volumetric receivers have a simple and reliable design, but have lower 
thermal efficiencies due to the poor heat transfer characteristics of air. The use of 
pressurized air on the other hand requires an expensive and fragile quart glass 
window. Tubular receivers allow the use of a wide range of HTFs, and state of the 
art receivers use molten salt. The maximum allowable flux intensities and thermal 
gradients over these receivers are however a drawback. The direct absorbing and 
ceramic plate receivers are new concepts in development, aimed to address some 
of the drawbacks of the other receiver types. 
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1.1.3. Thermal Energy Storage 

A TES systems store excess heat collected by the solar field during times of high 
solar radiation. This stored thermal energy is then used when the solar resource is 
insufficient to produce the required heat input to the power conversion cycle. A 
TES is a major attribute of CSP plants since it increases the capacity factor of the 
plant and more importantly, allows dispatchable electricity generation (Zhang et 
al., 2013). 

A TES system most commonly stores sensible heat and can be implemented in 
either a direct or indirect way. In a direct system, the HTF heated in the receiver is 
directly stored in the TES. Examples are steam, oils and molten salt storages. 
Indirect storage is where the HTF circulates through the TES where a solid 
material absorbs and stores the heat from the HTF (Zhang et al., 2013). Examples 
are packed bed storage systems. More advanced TES systems look at using latent 
heat storage, where a phase change material is used to store the energy. This 
technology type is however still far from cost effective at a commercial scale. 

The costs of TES systems are high mainly due to the use of advanced storage 
materials and the volume required. The insulation required to keep the storage 
from losing the heat also significantly contributes to the overall costs.  

1.2. Research Problem Statement 

South Africa has exceptional solar resources providing an excellent platform for 
the use and implementation of solar energy as a renewable energy source. It is 
clear that CSP technology combined with TES offers a sustainable and 
dispatchable energy technology which may be competitive with traditional fossil 
fuel fired power plants. However, although the CRS has been commercially 
demonstrated, it is as yet far from mature from a cost perspective (Sawin et al., 
2016). The advanced technology and material requirements for these systems 
need to be addressed to make it more viable for local implementation. 

Extensive work and research have been done at the Solar Thermal Energy 
research Group (STERG) at Stellenbosch University on developing cost-effective 
sensible heat storage in a packed bed of rock, with air as the HTF (Allen, 2014; 
Laubscher et al., 2017). The rock bed is charged with ambient air that is heated to 
between 550 °C to 600 °C, and then blown into the bottom of the bed. The 
concept has been proved experimentally and is being installed and tested on a 
medium scale (400 kWth) at the test facility of Stellenbosch University. Currently 
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the rock bed TES makes use of a gas burner to supply the heat input to charge the 
TES for testing purposes. However, this system is to be retrofitted with a solar 
powered heat input. The charging conditions of the rock bed TES therefore 
provide clear requirements and boundary conditions that should be fulfilled. 

A CRS with an open volumetric air receiver (OVAR) can produce the required 
heat input to charge the rock bed thermal storage. This type of receiver has an 
inherently simple design with the benefit of using a HTF that is freely and 
abundantly available and with no environmental impact. The hot outlet air from 
the receiver can directly be used to charge the rock bed TES, and therefore no 
additional heat exchanger is required. The combination of this receiver type and 
the thermal storage concept can provide an affordable and economical solution to 
produce and store high temperature thermal energy to either power a Rankine 
cycle, or be used for process heat applications.  

An OVAR has to operate in extreme conditions of high incident flux and 
temperatures while being exposed to ambient air. These receivers also experience 
severe temperature cycling due to changes in weather conditions during operation, 
as well as diurnal cycling. This gives rise to several challenges to be solved, such 
as absorber material and durability, receiver efficiency and specific cost (Avila-
Marin, 2011). The poor heat transfer characteristics of ambient, unpressurised air 
are also an important consideration for this receiver technology.  

The problem then addressed in this research is to find a cost-effective and simple 
OVAR concept that can provide the hot air requirements for charging the rock bed 
TES. The selection of a suitable absorber material as well as a simple receiver 
structure is of the essence for the design and is the main focus of this research. 
This project is the starting point towards developing a large receiver that can 
eventually be manufactured and installed at the rock bed TES test facility.  

1.3. Research Objectives 

The main goal of this research is to identify and develop a suitable absorber for an 
OVAR that can be used to charge a rock bed TES. The aim is towards a simple 
and cost effective design that satisfies local manufacturing capabilities and 
material availability. The absorber plays a significant role in the thermal 
performance of the receiver and is therefore the focus of this project. The work is 
subdivided into the following smaller objectives:  

 Identify and develop a suitable absorber concept that is cost-effective, 
locally available and can ultimately provide hot outlet air at 
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550 °C to 600 °C. The concept should have a modular design which 
allows future scale-up capabilities. The material, structure and layout of 
the absorber module are the focus of the design. 

 Conduct a heat transfer analysis and implement it through a numerical 
model that can calculate and predict the steady state thermal performance 
of the absorber under various conditions. The model should provide clear 
insight into the heat and radiation transfer inside the absorber and form the 
basis for more detailed numerical models. 

 Design a small scale OVAR test tower that can be used to experimentally 
validate the absorber concept and find discrepancies between the predicted 
performance of the absorber and the actual test measurements. The tower 
will be installed on an available medium flux concentrator and should 
allow the testing of different absorber materials and configurations. 

The absorber concept will be evaluated not only by its thermal performance, but 
also by its relevance to be locally manufactured and implemented in a large 
receiver. The goal of the experiments is to prove the absorber concept and to 
demonstrate its capabilities. It is therefore not yet focused on receiver 
characterization and optimization. 

1.4. Methodology and Scope 

The methodology through which the goal of the project is achieved starts with 
developing an absorber concept based on a thorough review from literature of the 
available technology as well as by clearly identifying the boundary conditions and 
requirements of the absorber. This is followed by the heat transfer analysis and 
numerical modeling of the concept to calculate its thermal performance. The 
concept is then manufactured and tested on an experimental setup to measure the 
thermal performance under different conditions and validate the results from the 
model. Each step has its own smaller objectives. These steps are briefly discussed 
with reference to the scope and limitations of the project. 

Develop an absorber concept: 

In order to develop a suitable absorber concept, an extensive review is conducted 
on available OVAR technology. The aim is to obtain a broad and in-depth 
understanding of this type of receiver in order to be able to address the most 
important design considerations. The requirements of the concept are then clearly 
identified and a concept is synthesized based on these considerations. This 
concept is not intended towards a novel OVAR, but aims to expedite the 
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advantages and lessons learnt from previous projects and combine them to 
synthesize a tailored solution that satisfies the requirements of this project. 

This project is the starting point for the development of a large receiver. The 
scope is therefore limited to finding a suitable absorber concept, and not the 
development of a large receiver. The concept’s limitations are the charging 
requirements of the rock bed TES as well as the low-cost requirement. The 
optimization of the concept is outside the scope of the project. 

Conduct a heat transfer analysis through developing a numerical model: 

The basic mathematical model of the absorber considers the fundamental 
mathematical correlations that describe the heat and radiation transfer inside the 
porous absorber material. The model acts as a preliminary design and 
investigation tool to determine the thermal performance at steady state conditions 
of the absorber. A 1-D model is used for this initial design stage since it enables a 
simple and insightful comprehension of the heat and radiation transfer within the 
absorber. The equations are implemented and solved iteratively in Matlab. The 
Matlab model paves the way for a more advanced numerical model using CFD in 
the future. 

Design, manufacture and test the concept on an experimental setup: 

A prototype of the absorber concept was manufactured and tested on a medium 
flux concentrator located on the solar rooftop lab of the Stellenbosch University 
Engineering faculty. The tower and receiver of the concentrator was redesigned to 
allow for the testing of the concept developed in this project. The main objective 
of the experimental tests was to measure the thermal performance of the absorber 
under different operating conditions. This was achieved by placing thermocouples 
throughout the absorber, as well as the rest of the setup, and to measure the 
temperatures for various conditions. The absorber configuration and the air mass 
flow rates (AMF) through the absorber are the two controlled parameters. The 
performance of the absorber was then calculated from these measurements and 
compared to the numerical results. 

The capabilities of the test setup and concentrator dictated the limitations of the 
experiments. The performance of the absorber concept therefore depended on the 
available incident flux and power on the absorber’s aperture during testing. The 
setup is located outside and exposed to ambient conditions, which introduce a 
large number of uncontrollable variables. The setup does however provide a better 
representation of the actual performance of the absorber since it include all the 
environmental influences that are not accounted for in an in-house test setup. 
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1.5. Brief Chapter Overview 

Chapter 1 provided an introduction to the research. It clearly stated the research 
problem with the objectives that need to be reached. The methodology of the work 
was discussed and the scope and limitations clearly identified. 

Chapter 2 is a literature review on OVAR technology, which investigates its 
working principle and absorber design considerations. The reference projects for 
this work are discussed and the rock bed TES mentioned. 

Chapter 3 describes the absorber concept developed based on the findings from 
the literature review as well the requirements of the receiver. The concept is 
thoroughly discussed and its geometrical properties calculated. 

Chapter 4 discusses the numerical model that was used to calculate the steady 
state thermal performance of the absorber. The results are provided and discussed.  

Chapter 5 provides details of the experimental apparatus used to test the absorber 
concept. The various measurements and instrumentation used are discussed as 
well as the experimental procedure. The chapter also includes an uncertainty 
analysis for the measurements made.  

Chapter 6 contains the results of the experimental tests. The performance of the 
absorber material is investigated and compared to the numerical model. A 
comparison is also made between these results and other similar work performed. 

Chapter 7 is the concluding chapter that synthesizes the research with a summary 
of the main results and overall conclusions, as well as an outlook on future work 
and recommendations. 

Stellenbosch University  https://scholar.sun.ac.za



 

C

2.L

2

Th
op
do
to
co

A
th
co

Th
ho

Chapt

Litera

2.1. Intr

he literature
pen volume
one on the d
o provide a
oncept to be

A typical OV
he thermal s
onditions of

Figure 2.1: F

he heliostat
ot air to cha

ter 2 

ature R

roductio

e review aim
etric air rece
developmen
a comprehe
e developed

VAR CRS p
storage as w
f the receive

Flow diagram 

t field provi
arge the ther

Revie

on 

ms to estab
eiver techno
nt thereof. T
ensive foun

d from. 

plant layou
well as pow
er.  

of a typical O

ides the inc
rmal storag

10 

ew 

blish a broad
ology, as we
The findings
ndation an

ut is describ
wer block su

OVAR CRS pl
Marin, 2011)

cident flux o
ge and heat i

d and in-de
ell as previo
s and conclu

nd understa

bed in Figur
ubsystems, 

lant with its d
) 

on the recei
input to the

pth underst
ous studies 
usions of th

anding for 

re 2.1. The 
which are 

ifferent subse

ver which t
e power cyc

tanding of t
that had be

his review a
the absorb

figure show
the bounda

ections (Avila-

then produc
cle. The retu

the 
een 
im 
ber 

ws 
ary 

 

-

ces 
urn 

Stellenbosch University  https://scholar.sun.ac.za



11 

 

air loop sends preheated air back to the receiver. The scope of this project does 
not include the power cycle and therefore only considers the receiver with the 
input from the heliostat field and the output to the thermal storage. 

Volumetric receivers can be classified into four concepts based on their air 
pressure: ambient or pressurized, and absorber material: ceramic or metallic 
(Hoffschmidt et al., 2003). Receivers that make use of ambient air are referred to 
as ‘open’ since they do not require a window and are open to the ambient. Since 
the objective of this project is to find a receiver concept that heat up ambient air, 
only open volumetric receivers are further investigated. The rest of this chapter 
focuses on the working principle, HTF, absorber material as well as important 
design considerations and challenges of OVARs. The reference OVAR projects 
for this work as well as the rock bed TES test facility are briefly discussed. 

2.2. Open Volumetric Air Receiver Technology 

The OVAR technology has made intense progress since the pioneering 
experiences of the late 1970s (Romero-Alvarez & Zarza, 2007) and is recently 
being considered an option again (Avila-Marin, 2011). These receivers have clear 
advantages over other receiver technologies and can resolve some of the 
limitations and challenges of CRS. They however also still have a wide margin for 
improvement (Capuano et al., 2017). 

2.2.1. Working Principle 

In volumetric receivers, a highly porous structure absorbs the concentrated solar 
radiation and acts as a convective heat exchanger. The HTF (air) absorbs the solar 
radiation inside the structure volume when forced through it (Romero-Alvarez & 
Zarza, 2007). The high porosity of the absorber allows the solar radiation to 
penetrate into the depth of the absorber. The ideal volumetric receiver produce the 
so-called volumetric effect, where the irradiated side of the absorber is at a lower 
temperature than the volume inside (Behar et al., 2013). This volumetric effect is 
the result of the cooling of the incoming air to the front of the absorber, which 
significantly reduces the thermal losses from the receiver and increases its 
efficiency. Figure 2.2 compares the heat transfer principle between a tubular and 
volumetric receiver, and illustrates the advantage of the volumetric receiver.  
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However, the biggest drawback is its poor heat transfer characteristics that cause 
the efficiency of the receiver to be quite low. The large heat transfer surface inside 
the volumetric absorber aims to compensate for this drawback. Table 2.1 provides 
a summary of the merits and demerits of ambient air as HTF. 

Table 2.1: Merits and demerits of non-pressurized air as HTF 

Merits Demerits 

 Freely and abundantly available 

 High operating temperatures 
possible 

 No phase change or freezing 

 Does not require water cooling 

 No environmental effect  

 Volumetric effect possible 
which increase receiver 
efficiency 

 

 Poor thermal characteristics 

 High AMF and large heat 
transfer area required 

 Large area exposed to 
ambient increase thermal 
losses 

 Wind sensitive since open to 
ambient 

2.2.3. Absorber Material 

Volumetric absorbers are exposed to demanding conditions such as concentrated 
solar radiation, high temperatures, frequent thermal cycling and have to operate in 
the presence of air. The range of available materials are therefore limited, and in 
order to maintain operation in the aforementioned conditions the material should 
have the following properties (Fend, 2012): 

 High solar absorption (dark) in the solar spectrum band 

 Low emittance in the infrared band 

 High heat transfer to air 

 High specific surface area to allow heat transfer 

 Low thermal gradient and thermal stresses 

 High temperature resistance to any degradation or scale formation which 
will lower heat transfer to the air 

The maximum operating temperature of a volumetric absorber depends on the 
melting point of the material as well as its resistance to corrosion (for durability). 
The latter being caused by the oxidation process that takes place at high 
temperatures in the presence of oxygen (Gomez-Garcia et al., 2016).  
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conductive and radiation losses can possibly be significantly high. These overall 
thermal losses can be reduced through decreasing the absorber area, insulating the 
receiver and increasing the absorber absorptivity. The efficiency of the absorber is 
also significantly increased when the convective heat transfer coefficient is 
improved (Kribus et al., 2014). This causes enhanced cooling of the front, which 
lowers the thermal losses, and increases the outlet temperature due to the better 
convective transport. The implementation of a hot return air loop can also increase 
the efficiency of the receiver by recycling the energy in the outlet air, as well as 
protect the inner structure of the receiver from overheating. 

2.2.4.3. Effect of Absorber Properties 

It is important to understand the effect of different properties of the material with 
respect to the absorber’s performance to find an efficient yet simple design. Two 
significant properties of a volumetric absorber are its porosity and thermal 
conductivity.  

High values of porosity facilitate better penetration of the radiation into the porous 
absorber which lower both reflection losses and lead to a lower surface 
temperature causing lower thermal losses. However, flow instabilities inside 
highly porous absorber materials lead to local overheating and failure of the 
absorber. By lowering the absorber porosity the thermal efficiency is decreased 
but the durability against thermal shock and high temperature gradients is 
significantly increased (Hoffschmidt, 2001). 

A high thermal conductivity is essential to conduct the heat from the front into the 
structure. However, absorber materials with very high convective heat transfer 
coefficients at the aperture require a low thermal conductivity that can create a 
temperature gradient along the cross-section of the absorber to maintain the 
maximum temperature inside the structure (Gomez-Garcia et al., 2016). 

2.3. Reference Open Volumetric Receiver Projects 

In a review Avila-Marin (2011) thoroughly discusses the complete development 
of volumetric receivers. In this section a brief overview of the projects and 
receivers that are used as reference for this project are discussed. 

Stellenbosch University  https://scholar.sun.ac.za



 

2.

Th
w
vo
as
50

Th
85
th
co
th
w

2.

K
w
th
de
se
w
no
ab

.3.1. P

he Phoebus
with metallic

olumetric re
s the absorb
0 mm deep,

Figure 2.6: H

he receiver 
5 % at 700 °
he receiver. 
oncluded th
hrough the s

with the incid

.3.2. H

Kribus et al. 
when operati
he destructi
evelopment 
eparately (H

with this in m
ot linked to
bsorber mod

Phoebus-T

s-TSA proje
c absorbers 
eceiver with
ber, shown 
 as illustrate

Hexagonal cu

was tested
°C outlet ai
 The receiv

hat the rece
system contr
dent flux di

HiTRec 

(1996) con
ing under hi
on of the a
 of the r

Hoffschmidt
mind and is 
o a specific
dule. 

TSA 

ect is consid
(Avila-Mar

h coiled kni
in Figure 

ed in Figure

ups filled with 

d in 1993 at
ir temperatu
ver implem
eiver was a
rol, as well 
stribution.

ncluded that
igh-flux int
absorber m

receiver wh
t et al., 2003
illustrated

c absorber m

18 

dered as the
rin, 2011). T
it wire pack
2.6. The c

e 2.4 (b). 

knit wire in t
Marin, 2011)

at PSA and 
ures with av
mented an a
able to ma
as match th

at airflow in
tensities can

material. Th
hilst the a
3). The con
in Figure 2
material, as

e reference d
The project 
ks placed in
ups were 2

 

he Phoebus-T
) 

achieved a
verage flux 
air return r
intain cons
he air flow r

nstability in
n cause low
his resulted 
absorber m
ncept for the
.7. This rec
s long as it

developmen
made use o
hexagonal 

280 mm in 

TSA receiver  (

an absorber 
values of 3

ratio of 60 
stant outlet 
rate through

side the por
thermal eff
in further 

material wa
e HiTRec w
ceiver system
t can be in

nt for OVA
of a 2.5 MW
cups to ser
diameter a

(from (Avila-

efficiency 
300 kW/m2 

%. The te
temperatur

h the absorb

orous absorb
fficiencies a

research a
as consider
was develop
m is therefo

nstalled in t

Rs 
Wth 
rve 
and 

of 
on 
sts 
res 
ber 

ber 
and 
and 
red 
ped 
ore 
the 

Stellenbosch University  https://scholar.sun.ac.za



 

Fi

Th
th
se
ex
do
us

2

Th
re
bo
Th
ho
he

igure 2.7: HiT

he shape of
he clear adv
eparated wit
xpansion. It
own the stee
sed to test a

2.4. Roc

his section 
etrofitted w
oundary con
he storage 
ot air at 550
eat in the ro

(a) 

TRec concept:
the mounte

f the absorb
vantage of 
th a gap tha
t also allow
el back stru

any new or a

ck Bed 

provides 
ith an OVA
nditions of t
consists of 

0 °C to 600 
ocks. The co

Figure 2.8: R

: (a) cross-sec
ed absorber mo

ber module
f the scalin
at allows m

ws the imple
ucture and r
advanced ab

Therma

a brief ove
AR. The ch
the receiver
a conical s
°C into the 

oncept is sho

Rock bed TES

19 

ction and air fl
odules from (

es are quadr
ng of this r
movement b
ementation 
recover was
bsorber mat

al Energ

erview on 
harging con
r, and are di
shaped rock
bottom of t
own in Figu

S test facility (

low diagram, (
Hoffschmidt e

ratic instead
receiver. E

between the 
of a return
te heat. The
terial (Hoffs

gy Storag

the rock b
nditions of 
iscussed in m
k bed which
the pile and
ure 2.8.  

(courtesy of H

(b) 

(b) receiver su
et al., 2003) 

d of hexago
ach absorb
modules d

n air loop th
e HiTRec co
schmidt et a

ge Syste

bed TES th
the storage

more detail
h is charged
then storin

HF Laubscher)

 

ubassembly w

onal based 
ber module 
due to therm
hat helps co
oncept can 
al., 2003). 

em 

hat are to 
e provide t
l in Chapter
d by blowi

ng the sensib

) 

with 

on 
is 

mal 
ool 
be 

be 
the 
r 3. 
ing 
ble 

Stellenbosch University  https://scholar.sun.ac.za



 

In
op
m
fe
pr
th

A
an

F

2

Th
as
as
po
sh
ce
te
of
de
pr
fa
fo
re

 

n Figure 2.8
perates on L

moment. The
easibility of
rovide a sim
hermal energ

A qualitative
nd illustrate

Figure 2.9: Qu

2.5. Con

he literature
spects of its
s its availab
oor heat tr
hould be ab
eramic or m
emperatures 
f flow insta
esign consi
rovide a cle
acility state
oundation u
equirements

8 the gas bu
LPG gas as
e burner wi
f using CSP
mple and co
gy.  

e temperatur
es the idea b

ualitative temp
w

nclusion

e review pro
s design and
bility and hi
ransfer char
le to handle

metallic mat
 below 800

abilities as w
iderations o
ear referenc
e the requir
upon whic

s of this proj

urner is loc
 an alternat
ll be retrofi

P with an O
st effective 

re distributi
behind this T

perature distri
ith ANSYS F

n 

ovided a th
d operation.
igh tempera
racteristics 
e the high t
erials, with 
 °C, and cer
well as low
of an OVA
ce for this p
rements for
ch a conc
ject. The ab

20 

cated in the
tive heating
itted with a

OVAR in co
solution to 

ion through 
TES concep

ibution in the 
Fluent (Laubsc

horough und
 Using air a

ature capabi
at ambien

temperature
 metallic m
ramics for h

w thermal ef
AR. The P
project and 
r the recei
ept could 

bsorber conc

e square bo
g source to 
an OVAR to
ombination 
produce an

the rock be
pt. 

rock bed TES
cher et al., 201

derstanding 
as HTF has
ilities, how

nt pressure.
es and flux 

materials bei
higher temp
fficiencies i
hoebus-TSA
the overvie

ver. The r
be develo

cept is discu

ox after the 
charge the 
o prove and
with a rock

nd store high

ed is shown

S when it is ch
17) 

of OVARs 
several adv

ever, its dra
 The abso
intensities a
ng suitable 

peratures. T
is some of 
A and HiT
ew of the r
eview prov
oped that 
ussed in the

blue fan a
storage at t

d motivate t
k bed TES 
h temperatu

n in Figure 2

harged produc

and the ma
vantages su
awback is t

orber mater
and are eith
for operati

The possibil
the importa

TRec projec
rock bed TE
vided a go

satisfies t
e next chapt

and 
the 
the 
to 

ure 

2.9 

ed 

ain 
uch 
the 
rial 
her 
ing 
ity 
ant 
cts 
ES 
od 
the 
er. 

Stellenbosch University  https://scholar.sun.ac.za



21 

 

Chapter 3 

3.Absorber Concept 

3.1. Introduction 

The aim of this chapter is to motivate and explain the concept that was developed 
for an OVAR that will satisfy the objectives of the project. This idea is not to 
design a novel concept, but rather to expedite the advantages and results from 
other projects and combine these to synthesize a tailored solution for and OVAR. 
To simplify the scope of this project, the focus was on the absorber and finding a 
cost-effective and simple concept which can be locally sourced and manufactured. 
First the operating requirements and boundary conditions for the receiver are 
recognized in order to clearly identify the design objectives. Possible solutions 
were then investigated and synthesized to finally provide a concept for further 
development. 

3.2. Receiver Requirements 

The receiver will eventually be used to charge the rock bed TES. Atmospheric air 
is therefore the non-negotiable HTF. The charging requirements of the rock bed 
provide the boundary conditions of the air leaving the receiver. These operating 
conditions are summarized in Table 3.1. 

One of the objectives of the project is to experimentally test and prove the 
absorber concept with the use of a previously built medium flux concentrator. The 
concentrating capabilities of the experimental test setup will therefore be used as 
the input flux boundary conditions. A detailed description of the experimental 
setup and the calculated values in Table 3.2 can be found in Chapter 5. 
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Table 3.1: Rock bed TES charging conditions (Laubscher et al., 2017) 

Parameter Unit Condition 

HTF - Air 

Inlet pressure  kPa 101.3 (atmospheric) 

Heating capacity kWth 400  

Max charging temperature  °C 550 to 600  

Max outlet temperature °C 40 to 50  

Charging AMF  kg/s ± 0.6  

Table 3.2: Concentrating capabilities of the medium flux concentrator 

Parameter Unit Condition 

Total collector area m2 1.39  

Focal spot area m2 0.0156  (0.125 m x 0.125 m ) 

Average concentration ratio - 71.2 

Peak incident flux kW/m2 110* 

Average incident flux kW/m2 67.8* 

* When the DNI = 950 W/m2 

3.3. Design Objectives 

The detailed design objectives are in line with the overall project objectives, but 
are more focused and based on the requirements and boundary conditions 
identified in Table 3.1 and Table 3.2. The absorber concept should conform to the 
requirements of the TES as well as the capabilities and size limitations of the 
concentrator. The following objectives were identified for the concept design: 

1. Use locally available materials and manufacturing processes to ensure a 
low-cost and simple concept. 

2. The absorber materials used should be able to withstand high temperatures 
and flux intensities and be able to produce the desired outlet temperatures. 

3. The concept should be modular and allow for future scale-up possibilities. 

The design challenges and considerations identified in the literature review should 
also be considered and incorporated in the concept development. 
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with the use of different wire mesh screens through the depth of the absorber. The 
increase of the volumetric heat transfer coefficient is another important 
consideration which can significantly enhance the absorber efficiency (Kribus et 
al., 2014). This can be achieved by having a higher specific surface area for the 
heat transfer to take place on, as well as through increasing the Reynolds number 
by placing the screens in a staggered arrangement. 

The wire mesh screen absorber with a gradual decreasing porosity have been 
experimentally tested by Avila-Marin et al. (2013) at the CIEMAT-PSA test 
facility. Three different wire mesh screens were used, each with a different 
porosity and in different combinations to create the gradual porosity. The screens 
were made from AISI 310 wires and had the characteristics provided in Table 3.3: 

Table 3.3: Wire mesh screen properties tested at PSA by Avila-Marin et al. (2013) 

Property Unit Different screens 

Wire diameter  mm 0.63 0.50 0.70 

Aperture size  mm 1.00 1.40 2.50 

Open area ratio - 0.38 0.54 0.61 

 Three different absorber configurations were tested: 61-54, 61-38 and 54-38, with 
the numbers referring to the porosity from the front to the back of the absorber. 
The absorbers typically consisted of 7 to 10 screens in total. The results show that 
with the 61-38 absorber outlet temperatures of 320 °C to 580 °C were reached 
with efficiencies of 88 % to 72 %. The tests were performed under average flux 
intensities of 220 kW/m2 to 260 kW/m2. The results demonstrate the capabilities 
of the wire mesh screen absorber and that it also satisfies the other requirements 
for this concept, since it is a simple concept and can be locally sourced. 

Another important consideration is how the absorber material will be installed in 
the receiver. The modular-cup layout of the HiTRec receiver allows easy 
experimental testing of a single cup as well as excellent scalability towards a 
larger receiver by simply adding more of these cups in a matrix. The square cup 
can be easily manufactured with stainless steel sheet metal and through simple 
bending and welding processes. Different absorber materials can be inserted and 
tested in this cup. 
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The open area ratio is: 

 (3.2) 

The volumetric porosity is defined as the ratio of void volume to the total volume: 

1
π
4

 (3.3) 

The compactness factor,	 , describes how compressed the screens are against 
each other and is generally not bigger than one. If the screens are not compressed 
and in-line arranged,  is equal to one; for staggered arrangement,  is smaller 
than one (Zhao et al., 2013).  

The multiplication factor is used to calculate the porosity and specific surface are: 

2
1

2
arcsin

1

2
1

2

 (3.4) 

The specific surface area is calculated with: 

π
 (3.5) 

The pore hydraulic diameter is used to calculate the Reynolds number: 

4
 (3.6) 

The calculated depth of a complete absorber configuration depends on the amount 
of each screen type (Mx) used, . , the wire diameter of that screen,	 , and 
its compactness factor . The total depth of the absorber is then: 

. 2  (3.7) 

The wire diameter is doubled since the screen is woven and the thickest part is 
where the two wires cross over one another. Table 3.4 provides the calculated 
geometrical properties of the three different screens used. 
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Table 3.4: Wire mesh geometrical properties for the absorber concept developed 

Property Symbol Unit M6 M12 M24 

Wire diameter  mm 0.9 0.55 0.37 

Aperture size  mm 3.33 1.57 0.69 

Mesh number M mm-1 0.24 0.47 0.94 

Open area ratio  - 0.62 0.55 0.42 

Porosity  % 82.3 78.7 70.4 

Specific surface area  m-1 765 1548 3199 

Pore hydraulic diameter  mm 4.33 2.03 0.88 

The following absorber configurations were used: (6/10/10), (5/5/5), (6/10/0), 
(10/0/0), (6/4/2). All of them started with the highest porosity in the front and then 
decreasing gradually. The M6 screens were positioned as good as possible in an 
in-line arrangement, while the M12 and M24 screens were assumed staggered 
since the positioning of the finer screens could not be maintained that accurate 
inside the absorber. Through visual inspection this assumption was confirmed. 
The thicknesses of the different configurations ranged from 11 mm to 25 mm.  

3.7. Conclusion 

The wire mesh absorber with a porosity decreasing through its depth was 
identified as a suitable concept to absorb the concentrated solar radiation and to 
produce the required hot outlet air. This concept satisfies the requirements and is a 
cost-effective and locally available solution. The modular absorber cup provides a 
suitable and scalable design. The details of the wire mesh screens used in this 
concept were discussed and the different absorber configurations identified. The 
next chapter investigates the numerical model of the heat and radiation transfer 
inside the porous material to obtain a calculated theoretical performance at steady 
state conditions. 
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Chapter 4 

4.Numerical Heat Transfer Model 

4.1. Introduction 

The numerical model of the absorber considers the fundamental mathematical 
correlations that describe the heat and radiation transfer inside the porous absorber 
material. A simplified 1-D numerical approach is used as a preliminary design and 
investigation tool to determine the thermal performance of the absorber at steady 
state conditions and to investigate the effect of certain parameters on its 
performance. The 1-D approach is suitable since it can produce realistic 
performance results and be computational convenient as well (Capuano et al., 
2015).  

This chapter starts with a brief review on previous modeling of open volumetric 
receivers. The governing equations with their assumptions used in this work are 
then discussed, followed by the numerical procedure to solve these equations. The 
results of the calculated performance at four different steady state conditions are 
provided and discussed.  

4.2. Literature Review 

Several numerical models have been developed to solve the heat and radiation 
transfer inside the porous material of a volumetric absorber (Kribus et al., 2014) 
(Wang et al., 2016). Most of these models are based on volume averaging to 
represent the absorber with a homogeneous equivalent model (HEM) with 
effective properties (Kribus et al., 2014). This approach is macroscopic and 
averages the transport equations over a representative volume that is larger than 
the pore scale but smaller than the absorber. This is a common approach and 
accepted in literature for the simulation of porous media (Wu et al., 2011). The 
key differences between the models are the assumption of either local thermal 
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equilibrium (LTE) or local thermal non-equilibrium (LTNE) between the solid 
and the fluid temperatures, as well as how the radiative transport is modeled 
through the porous media. 

A model that implements LTE assumes that the fluid and solid temperatures are 
equal at each location. This requires an infinite convective heat transfer 
coefficient. Models like these predict much higher absorber efficiencies than those 
achieved in actual tests (Kribus et al., 2014). The LTNE assumption therefore 
provides a more detailed and representative analysis of the heat transport inside 
the volumetric absorber, but is still simple enough for fast computation and for the 
use in a parametric study (Kribus et al., 2013).  

The radiative transport through the porous material has a direct effect on the 
temperature distribution through the absorber.  To solve the radiative transport 
equation (RTE) through the depth of a porous material is no trivial matter and 
usually approximations such as the Rosseland-, P1- and Two-flux approximation 
are implemented (Modest, 2013; Vafai, 2005). Another alternative is to assume 
the radiation transport through the absorber as a volumetric heat source, as done 
by Roldán et al. (2014) and Achenbach et al. (2013). This approach is more 
conservative than the other, but is simpler to implement and especially for the 
case where the absorber has changing properties through its depth, such as this 
wire mesh screen concept. 

Avila-Marin et al. (2017) developed a numerical model for a wire mesh screen 
absorber in order to determine a Nusselt number correlation for the convective 
heat transfer coefficient. A HEM with LTNE was used to calculate the 
temperature distribution and heat transfer coefficient for both staggered and inline 
mesh arrangements. The RTE made use of the P1 approximation, and the incident 
radiation was assumed collimated. The model was implemented and solved using 
CFD. 

There are several phenomena that occur due to a non-homogenous flux and mass 
flow distributions over the absorber. These effects are not represented by the 1-D 
model, and need a more complex modeling approach. More detailed models solve 
the equations at the pore level. These models require more computational power 
and time and are usually implemented in CFD codes. The advantage of the 1-D 
model is that it has the ability to simulate complex structures such as changing 
properties through the depth. The specific effect of different geometrical 
properties for volumetric absorbers have been studied previously (Wu et al., 
2011b).  
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4.3. Thermal Model 

The 1-D approximation is used in the z-direction perpendicular to the absorber 
aperture, since both the flow and radiation transport occur in this direction. The 
absorber is divided into layers of representative volumes, with each layer 
containing both fluid and solid that exchange heat. The heat and radiation transfer 
equations are implemented and solved iteratively in Matlab R2017a. 

4.3.1. Governing Equations 

The HEM calculates the heat transfer inside the absorber by taking into account 
LTNE. The thermal energy equation is solved for both the solid and the fluid 
separately, ignoring kinetic energy and compressibility/gas dynamics of a non-
reacting flow. The complete balance equations as described by Aichmayer (2009) 
are for the solid: 

d
d s , 1

d
d

 (4.1)

And for the fluid: 

d
d f ,

d
d ,

d
d

 (4.2)

Where  and  are the effective thermal conductivity of the solid and the fluid 
respectively,  and  are the solid and fluid temperatures respectively,  is the 
distance into the solid and flow direction,  is the volumetric heat transfer 
coefficient,  and  are the heat source in the solid and fluid per unit volume 
respectively,  the porosity,  and  the density of the solid and the fluid 
respectively, ,  and ,  the specific heat capacity of the solid and fluid 

respectively,  the superficial fluid velocity and  the time. 

The model assumes steady state conditions and air is considered as a non-
participating medium in the radiation transfer through the absorber (Vafai, 2005), 
and has negligible thermal conductivity compared to its convection. According to 
Kribus et al. (2014) the simplified balance equations for the solid are then: 

d
d

 (4.3)

 

Stellenbosch University  https://scholar.sun.ac.za



35 

 

 

And for the fluid: 

d
d

 (4.4)

The mass flux, , is the AMF divided by the area of the aperture and is constant 
through each layer due to the 1-D assumption.  

The thermal conductivity through the wire mesh screens is not a simple 
correlation since it depends on effects such as contact between wires and screens. 
An effective thermal conductivity is used as proposed in Vafai (2005): 

1
3

1  (4.5)

4.3.2. Volumetric Heat Transfer Coefficient 

The volumetric heat transfer coefficient, , couples Equation (4.3) and 
Equation (4.4) and is a key parameter in the modeling of volumetric absorbers. 
This coefficient is dependent on the local wire mesh screen geometrical properties 
and Nusselt number as defined in Avila-Marin et al. (2017): 

 (4.6)

The volumetric Nusselt number correlation was obtained for a wire mesh similar 
to the mesh used in this project, and is used to approximate	 . The correlation is 
provided for both the inline and staggered wire arrangements: 

Inline arrangement: 151.9 . .  (4.7)

Staggered arrangement: 110.9 . .  (4.8)

The Reynolds number is calculated with the following: 

 (4.9)

The superficial fluid velocity is calculated with: 

 (4.10)
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The inline and staggered correlations are valid for Reynolds numbers in the range 
of 5 < Re < 200 and 10 < Re < 460 respectively (Avila-Marin et al., 2017). The 
effective thermal conductivity of the air,		 , is calculated by multiplying the 
porosity with the temperature dependent conductivity of air: 

 (4.11)

4.3.3. Property Models 

Due to the large temperature variation of the air inside the absorber, temperature 
dependent thermal properties are used from tables in Eckert and Drake (1972). All 
the properties are evaluated at ambient pressure. The tables are implemented in 
the numerical model through the use of an air property function that uses the 
average air temperature between the current and the next layer in the discretized 
model to provide the desired property. The following properties were used: 

 Specific heat capacity: , 	J kg ∙ K⁄  

 Density: , 	kg m 	⁄  

 Thermal conductivity: , W m ∙ K⁄   

 Dynamic viscosity: , kg m ∙ s⁄   

 Prantdl number: Pr 

The mentioned properties are plotted in Appendix A over the operating 
temperature range of 20 °C to 600 °C. These plots illustrate the effect that the 
temperature have on the different properties, and aid in understanding the heat 
transfer through the volumetric absorber. The thermal properties of the wire mesh 
screens are assumed to be temperature independent and constant. 

4.4. Radiative Model 

The attenuation of the solar radiation intensity is described by a volumetric heat 
source that attenuates exponentially based on the extinction coefficient of the 
absorber. This approach has been previously used and motivated by Aichmayer 
(2009) to approximate the radiation through a volumetric absorber material. 
Achenbach et al. (2013) used it for modeling a wire mesh absorber, and Roldán et 
al. (2014) used it in a thermal analysis of a volumetric solar absorber with a 
changing porosity through its depth. Although this is a conservative model, it is 
assumed acceptable for an initial approach to investigate the performance of the 
absorber.  
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4.4.1. Governing Equation 

The following equation describes the volumetric heat source, as applied by 
Roldán et al. (2014): 

The intensity of the heat source, , at a depth z through the absorber depends 
on the intensity on the aperture, , and the optical extinction coefficient of the 
absorber,	 .  The heat source attenuation is illustrated in Figure 4.1 for a typical 
absorber with a change in extinction coefficient through its depth. 

The heat source intensity is correlated with the concentrated incident solar 
flux, ,  by assuming all the incoming solar radiation energy is found in the heat 
source (Achenbach et al., 2013): 

When Equation. (4.12) is substituted in Equation. (4.13) and solved, the initial 
heat source intensity at the aperture is found: 

4.4.2. Incident Flux 

The incident flux level represents the effective energy available to transfer to the 
air. The numerical model is adapted to represent the actual experimental setup. A 
Gaussian-type flux distribution is therefore assumed, which is used to represent 
the incident flux and to calculate the power on the aperture. This is a common 
way to represent the incident flux distribution on a solar absorber and the same 
correlation is used for the PSA solar furnace and by Roldán et al. (2014): 

The x and y coordinates discretize the aperture. In order for the function to 
correlate with the actual flux from the experimental setup, the peak flux,	 , , 

and the variance,	 , of the distribution were required. The peak flux was 
calculated through multiplying the DNI with the peak concentration ratio,	 , 

on the center of the absorber from the concentrator: 

 (4.12)

d  (4.13) 

 (4.14) 

, ,  (4.15)
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The variance was obtained through correlation with the temperature distribution 
over the absorber, captured by a thermal camera during the experimental testing. 
The complete explanation and calculation procedure for the incident flux, 
concentration ratio and the variance can be found in Appendix B. 

The power on the absorber aperture,	 , is calculated through integrating the 
Gaussian distributed flux over the aperture area: 

Since a 1-D model is used for the numerical simulation, an average homogenous 
flux is required on the front of the absorber that is representative of the total 
power input to the absorber. This is calculated by dividing the total incident power 
with the area of the aperture: 

This calculated incident flux is treated as collimated, constant and uniform. The 
average concentration ratio of the medium flux concentrator can then be described 
by dividing the average incident flux with the : 

4.4.3. Radiative Properties 

The wire mesh absorber is considered a grey medium with radiative properties 
calculated the same as in Avila-Marin et al. (2017). The screen absorptivity and 
emissivity is for oxidized stainless steel wire mesh that was measured by 
Skocypec et al. (1989): 

0.85 (4.20)

The absorption coefficient is calculated with: 

4 1
 (4.21)

,  (4.16)

	 , d d  (4.17)

,  (4.18)

,
 (4.19)
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The scattering coefficient: 

1
4 1

 (4.22)

The extinction coefficient is the sum of the absorption and scattering coefficients: 

	
8 1

 (4.23)

4.5. Boundary Conditions 

Kribus et al. (2014) noted that it is important to accurately account for the front 
boundary condition of the absorber, since this region has a profound influence on 
the performance the absorber. The sides of the absorber are considered well 
insulated and adiabatic.  

4.5.1. Front Boundary 

The front boundary condition is the aperture of the absorber (z = 0) and is the 
balance between incident radiation, conduction to the inside of the absorber and 
convection to the entering fluid (Kribus et al., 2014). The fraction of the frontal 
area of the solid that interacts with the radiation and the fluid is	 1 , and is 
denoted by	 . Ambient air is sucked into the absorber. The front boundary is not 
optically thick although the rest of the absorber is (Kribus et al., 2014). The 
boundary condition for the solid is then from (Kribus et al., 2013): 

, 0
d
d

0
0
2

 (4.24)

Wu et al. (2011b) found that the surface convection coefficient of the front 
aperture, , is higher than the volumetric heat transfer coefficient inside the 
absorber. This is due to the large acceleration of the air into the porous absorber. 
A general factor of 1.6 times the inside volumetric coefficient is used for , as 
applied by Kribus et al. (2014) and Natividade (2015). The corresponding 
boundary condition for the fluid from Kribus et al. (2013) is then: 

0 0
0
2

 (4.25)
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4.5.2. Back Boundary 

The back of the absorber is assumed to be perfectly insulated and a perfect diffuse 
reflector (Kribus et al., 2013), therefore there are no losses from the back of the 
absorber and no temperature gradient for both the solid and the fluid at this 
surface. 

4.6. Absorber Performance 

The performance of the absorber is evaluated with its outlet air temperature and 
corresponding thermal efficiency at a certain incident flux level and AMF. The 
thermal efficiency of the absorber is the ratio of the enthalpy rise of the 

fluid,	 	, to the total incident power on the absorber aperture: 

d,

,

,
 (4.26)

The efficiency is calculated for steady state conditions with constant parameters 
such as AMF and DNI. 

4.7. Numerical Procedure 

In order to solve the differential equations the absorber is discretized and the 
derivatives are replaced with finite difference approximations. The absorber is 
divided into a finite number of layers as illustrated in Figure 4.2, for which each 
of the equations is solved. An explicit scheme is used since steady state conditions 
are considered and therefore no flow instabilities expected. This is also an easier 
scheme to implement in Matlab with less computational power required. It is 
assumed that the fluid does not change in direction through the absorber, and 
therefore the directional scheme can be used. This however does not allow taking 
thermal dispersion of the air behind the mesh layers into account. In this approach 

each single screen was considered a step,	∆ , and hence the equations solved for 
it. 
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Figure 4.2: Discretized absorber model with annotations  

For the solid phase a central differencing scheme is used, thus the temperature of 
each layer is influenced by the two adjacent layers. The second order central 
differencing scheme is given by: 

d
d

, 2 , ,

∆
 (4.27)

The first order central differencing scheme is: 

d
d

, ,

2∆
 (4.28)

For the fluid, a first order upwind differencing scheme is used and therefore the 
temperature at each layer being only dependent on the upstream temperature: 

d
d

, ,

∆
 (4.29)

The same schemes was applied by Natividade (2015). Through substituting these 
finite difference approximations, the following discretized equations can be 
written for each layer, i. For the front boundary layer of the solid: 

2∆ , 2∆ , , ∆ ,

∆ 2∆ 0 (4.30)

The equation for the fluid’s front boundary layer is: 

1
2 ,

1
2 , 0 (4.31)

1 1 12 31

z

Front Back

z ... z ... z...
z

y
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For a solid central layer: 

, 2 ∆ , , ∆ , ∆
0 (4.32)

The equation for a fluid central layer is: 

, ∆ , ∆ , 0 (4.33)

The geometrical properties of the absorber at each position, i, depend on the 
predefined configuration, and are calculated for each step through the absorber. 
The solid and fluid temperatures at each layer are obtained through iteratively 
solving both equations simultaneously in Matlab, taking into account temperature 
dependent air properties. The flowchart shown in Figure 4.3 illustrates the 
procedure for the calculations in the model. The convergence condition is reached 
when the relative variation in temperature of the grid points between consecutive 
iterations is smaller than 10-4. 

Start

Calculate 
inside T_s and 

T_f
i = 2:steps

Define test conditions:
absorber configuration, 

AMF, DNI, ambient temp

Calculate incident 
flux

Calculate front 
T_s and T_f

i = 1

Converge?

yes

Calculate efficiency

Output results

Stop

no

Figure 4.3: Flowchart for the calculation procedure of the numerical model  
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4.8.2. Steady State Performance 

The steady state performance at four different AMFs was considered. These 
specific four flow rates were used since they correspond to the ones used during 
the experimental testing. The AMF, corresponding mass flux and Reynolds 
numbers from the front to the back of the absorber are provided in Table 4.2. 

Table 4.2: Different AMFs, mass fluxes and calculated Reynolds numbers for the simulation 

No. 
AMF 
kg/s 

Mass flux 
kg/(m2·s) 

Reynolds number 
(front to back of abs) 

1. 0.0015 0.124 45 to 8 

2. 0.0013 0.107 39 to 7 

3. 0.0010 0.083 30 to 5 

4. 0.0008 0.066 24 to 4 

The temperature profiles through the absorber for the solid and the fluid at the 
highest and lowest flow rates (AMF 1 and 4 respectively) are shown in Figure 4.5.  

Figure 4.5: Temperature distribution of the solid and the fluid through the absorber at two 
different flow rates 
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It is clear from Figure 4.5 that a decrease in flow rate increases the outlet 
temperature. The outlet temperature increases from 406 °C at AMF 1, to 544 °C at 
AMF 4. At a lower flow rate there is less cooling effect from the air and the solid 
obtain a higher temperature, which in turn increases the air outlet temperature. 
The figure also shows that the highest temperature occurs at the front, and 
therefore the aspired volumetric effect is not reached. 

The lower effective thermal conductivity of the M6 screens causes a steeper 
temperature profile in the front region. This causes a higher front temperature 
since heat removal through conduction to the inside is reduced. The M12 screen 
start at relative position 0.375, where a slight increase can be observed in the 
slope of the fluid temperature profile. This demonstrates that the higher specific 
surface area increases the heat transfer to the fluid. The temperature difference 
between the solid and fluid is too low to clearly see the effect of the M24 screens.  

The thermal performance of the (5/5/5) absorber is plotted in Figure 4.6. The 
efficiency and outlet air temperature is plotted over the ratio of the power on the 
aperture divided by the air mass flow rate (PoA/AMF). This is a common way to 
illustrate the performance of a volumetric receiver, since different receivers 
operating under different conditions can be compared. For this plot the DNI, and 
therefore PoA, was kept constant while the AMF was changed. 

Figure 4.6: Model performance plot for the (5/5/5) absorber at four different AMFs and average 
flux of 56.9 kW/m2 
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At a higher AMF the air has more capacity to absorb the thermal energy through 
convection and therefore a higher efficiency is achieved. The Reynolds number is 
also higher, which results in a better heat transfer coefficient. The lower front 
temperature at the higher AMF reduces the thermal losses. At the lower AMF the 
higher front temperature increases the thermal losses and therefore decreases the 
efficiency. In Figure 4.7 the radiation, convection and reflection losses with the 
efficiency are plotted over outlet air temperature. The radiation losses from the 
front significantly increase as the outlet air temperature increase, due to the 
accompanying higher front temperature.  

Figure 4.7: Efficiency and thermal losses from the front of the absorber plotted against the outlet 
air temperature from the numerical model 
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results in a higher outlet air temperature. The higher front temperature however 
increases the thermal losses as well as discussed, and therefore a higher AMF is 
required to enhance the heat removal from the front. The absorber is clearly more 
efficient at the higher flow rates, however due to the low concentration ratio 
possible from the concentrator as well as the flow rate capabilities of the setup, 
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4.9. Conclusion 

In this chapter the numerical model of the heat and radiation transfer inside the 
absorber material was discussed. With a 1-D approach a HEM with LTNE was 
used to calculate the temperature distribution of the solid and the fluid through the 
depth of the absorber. The radiative flux was simulated with a volumetric heat 
source that has a Gaussian distribution on the aperture of the absorber. The 
thermal performance of the (5/5/5) absorber configuration was used as sample 
results. The effect of the AMF was investigated, and showed that a lower AMF 
increase the outlet air temperature, but also lower the thermal efficiency. The 
model therefore provides a good insight into the expected performance of the 
experimental setup, and established what measurements are required on the 
experimental setup. 

Stellenbosch University  https://scholar.sun.ac.za



48 

 

Chapter 5 

5.Experimental Apparatus and 
Procedure  

5.1. Introduction 

A small scale central receiver test setup was used to empirically validate the wire 
mesh absorber concept under different operating conditions. The setup is located 
on the solar rooftop lab and makes use of the DNI as input. The setup had been 
previously built and used by Kretzschmar (2014). For this work the tower and its 
components were redesigned to install the absorber concept and to overcome 
previous limitations of the test setup. The objectives of the tests are the following: 

1. Measure the thermal performance of the wire mesh screen absorber under 
different AMFs and incident flux values. 

2. Compare the performance of different absorber configurations. 
3. Collect data to validate the numerical model. 
4. Investigate the performance and durability of the absorber material at high 

temperatures and flux concentrations. 
5. Investigate the influence of uncontrolled ambient conditions on the 

performance of the absorber, such as DNI and wind. 

The pressure drop over the absorber was assumed insignificant for this work since 
it is very low through the screens and only a single absorber module was tested. A 
quick validation measurement on the setup supported this assumption. 

The chapter starts with a clear description of the tower that has been designed and 
the concentrator setup that is used. The thermal evaluation with the different 
measurements taken during testing is discussed, where after the experimental 
procedure is explained. Both the equipment calibration and uncertainty analysis 
are important considerations and are discussed before a conclusion is made. 
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performed by pointing the center mirror of the back row to a target point just 
below the receiver. The offset between this mirror and the point indicates the 
required movement of the setup to keep the focus point of the rest of the field on 
the receiver. The setup could maintain accurate tracking and its position was 
adjusted every 2 minutes during testing. 

5.3. Thermal Evaluation 

The measurements that were made on the experimental setup aimed to allow the 
thermal performance of each absorber configuration to be evaluated and 
calculated. The efficiency was calculated using the same formula as was used for 
the numerical model and is provided in Equation (4.26). The required 
measurements were the incident flux, absorber and air temperatures, and AMF. 
The equipment used for each of these measurements is described in the following 
section. All the equipment was connected to a data logger, which collected and 
displayed the measurements on a laptop in 3 second intervals.  

5.3.1. Temperature 

With the use of new type K and T thermocouples temperature measurements were 
made throughout the tower setup. The location of each thermocouple in and 
around the absorber cup is illustrated in Figure 5.5. 

5 7 6 4 3 2 1

Figure 5.5: Thermocouple layout in and around the absorber and cup 

Thermocouples 1 to 4 measured the temperature distribution through the wire 
mesh screens. These thermocouples were inserted through small holes drilled 
through the side of the cup and housing. The thermocouples could not be 
permanently fixed or welded to the screens since the setup had to allow testing of 
different absorbers and therefore the thermocouples had to be removed for the 
absorber to be taken out and replaced each time. 
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The thermocouples inside the absorber were positioned to take measurements at 
the center of the absorber at the highest flux and therefore temperature values, and 
were placed between the different mesh screen types. The front thermocouple was 
shielded from direct flux as it was placed behind the first two mesh screens. Good 
thermal contact was ensured by compressing the thermocouples in between the 
screens. The cup’s material temperature as well as the air surrounding the cup 
inside the housing was also measured with thermocouples 6 and 7. The outlet air 
was measured in the throat of the cup where the air exiting the back of the 
absorber is mixed. Air temperature measurements through the absorber were not 
feasible. 

A Fluke Ti400 thermal camera was used to capture infrared images of the aperture 
of the absorber while it was in the concentrated flux to investigate the temperature 
distribution. The images showed a clear non-homogenous temperature and 
therefore flux distribution over the absorber surface, with the peak values in the 
center of the absorber. The temperature readings from the images were used to 
characterize the Gaussian distribution function used for the incident flux. These 
readings were also compared to the front thermocouple measurements. However, 
since the emissivity of the wire mesh absorber can only be estimated, the images 
are mostly used for qualitative temperature distribution. The thermal camera is a 
handheld camera and was not connected to the data logger. 

5.3.2. Air Mass Flow Rate  

The AMF through the absorber was measured with a venturi flow meter placed 
after the rock bed heat exchanger and before the fan inlet. The venturi was 
designed and manufactured by Kretzschmar (2014) based on the standards 
provided in Figliola (2006). A pressure transducer constantly measured the 
pressure drop over the venturi and gave a voltage output to the data logger. The 
venturi was calibrated before the experimental tests and the calibration is 
discussed in Appendix D. The air temperature was measured before the venturi 
inlet to take into account the change in air density during testing as the 
temperature of the rock bed outlet increased. A ball-valve was also inserted in an 
in line T-piece before the fan. This allowed additional cold ambient air to be bleed 
in and further lower the air temperature entering the fan. The valve was used as an 
additional AMF controller as well. 
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5.3.3. Incident Flux  

The peak incident flux was measured with two different flux sensors to validate 
the measurements. The two sensors (Hukseflux SBG01 and Vatell TG-1000) were 
installed in the place of the absorber prior to testing to measure the peak flux in 
the center of the focal spot. This measured peak flux values were used to further 
characterize the Gaussian distribution function to represent the incident flux. The 
detailed calculations of this can be found in Appendix B.  

5.3.4. Weather 

The weather data for each day of testing were obtained from the so-called 
Sonbesie Weather Station of the Engineering Faculty of Stellenbosch University. 
The minutely averaged data of DNI, air temperature, relative humidity, wind 
speed, barometric pressure as well as several other measurements were 
downloaded. A sample of this data are provided in Appendix E as part of the 
sample calculations. An additional thermocouple was used to measure ambient air 
temperature at the experimental setup and to confirm the measurement from the 
weather station. 

5.4. Experimental Procedure 

The experiments were conducted with the variables and procedure out-lined in 
this section. 

5.4.1. Variables 

It is important to distinguish between the controlled and uncontrolled variables in 
the tests. Since the experiments were conducted outside, the weather conditions 
were mainly the uncontrolled parameters, as stated in Table 5.1. Testing was 
therefore only performed on cloudless sunny days to ensure that the DNI and 
incident flux values were fairly constant over the test period. 

Table 5.1: Controlled and uncontrolled variables of the experimental setup 

Controlled Uncontrolled 

 Absorber configuration 

 AMF 

 Weather conditions such as 
DNI, ambient temperature 
and wind speed 
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The tests included the following configurations, as mentioned before: (6/10/10), 
(5/5/5), (6/10/0), (10/0/0), (6/4/2). Each absorber configuration was typically 
tested at all or most of the different AMFs shown in Table 5.2. Flow rate 1 and 4 
was at the maximum and minimum capabilities of the axial fan used. An AMF 
range is provided to account for the small difference between tests.  

Table 5.2: Different AMFs used for experimentally testing the absorber at 

No. 
AMF range, 

kg/s 

1. 0.0014 – 0.0015 
2. 0.0011 – 0.0013 
3. 0.0010 – 0.0010 

4. 0.0008 

The calculated peak and average flux values, as well as total power on the 
aperture is provided in Table 5.3 for different DNI values. 

Table 5.3: Incident flux and power on the absorber at different DNI values 

DNI,   
W/m2 

Peak Flux,  
kW/m2 

Average Flux,  
kW/m2 

PoA,  
W 

950 110  67.8 821 

850 98.1 60.7 734 

750 86.6 53.6 648 

5.4.2. Quasi-steady State 

Since the test setup was located outside and experienced continuous fluctuations 
in DNI and wind conditions over a test period, perfect steady state conditions 
could not be reached. A conservative approach was therefore used by defining a 
quasi-steady state condition for each AMF (Téllez, 2003). This condition was 
reached when the change in outlet air temperature was less than 1 % while the 
change in front temperature was less than 5 % over a period of 3 to 4 minutes. The 
temperature and flow rate measurements, as well as weather conditions were 
averaged over this period to calculate the thermal performance. Fend et al. (2004) 
performed similar experiments for volumetric absorbers and used 10 minute 
averages. This receiver was however located indoors and received the incident 
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flux from the heliostat field on the outside. The receiver was therefore more 
protected from the influence of ambient conditions, which allowed longer time 
averages to be used. 

5.4.3. Operating Procedure 

The experimental operating procedure for each absorber configuration was as 
follows: 

1. Assemble the desired absorber configuration by stacking a certain number 
of each of the screen types in the absorber. 

2. Place the absorber inside the cup and receiver housing and place the 
thermocouples at their positions. 

3. Start taking measurements with the data logger to obtain initial zero 
readings. 

4. Start the fan to create a flow rate through the absorber. 
5. Move the setup into focus. 
6. Adjust the tracking based on the position of the tracking mirror. 
7. Monitor the temperature readings and if there are no significant changes 

for a certain amount of time, lower the AMF. Also take into account the 
fluctuations in ambient weather conditions. 

8. Repeat steps 6 and 7 for each AMF to be tested at. 
9. Move the setup out of focus and let the absorber cool down by keeping the 

AMF on. 
10. Export the measured data to an Excel file for the post processing. 

5.5. Calibration and Uncertainty 

The uncertainty analysis aims to estimate the accuracy of the results obtained 
during the experimental tests. The energy transferred to the air as well as the 
incident power on the aperture of the absorber are the two main results considered 
in the analysis. In order to determine the uncertainty of the results, all the 
uncertainties for the different instruments used were combined using the root-
sum-squares (RSS) method (Coleman, 2006). The formula applied to calculate the 
energy transferred to the air is repeated here to show it as a function of the 
measured property used to calculate it: 

∆  (5.1)
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The AMF is the product between the volumetric flow rate,	 venturi, and the density 
of the air,	 . The volumetric flow rate is measured with a differential pressure 
transducer connected to the venturi flow meter. The pressure transducer itself has 
an accuracy of ± 0.1 % of the set span (2500 Pa), hence ± 2.5 Pa 
(Endress+Hauser, 2000). The pressure transducer was calibrated against a Betz 
micro-manometer which has a reading accuracy of ± 0.04 % of the full scale range 
of 5000 Pa, which is ± 2 Pa (ACIN, 2016). All testing and calibration were done 
within this limit. The pressure transducer produces a voltage output to the data 
logger (Keysight-34901A) that has a range error of ± 0.0005 % and a reading 
error of ± 0.0035 % in the measured range of 10 V. This results in a ± 0.005 V 
uncertainty and corresponds to ± 1.6 Pa pressure reading error. The data logger 
reading accuracy is dependent on the actual measurement and is a maximum of 
± 0.1 Pa at the highest pressure drop measurement of 400 Pa. Therefore the 
combined uncertainty of the measured pressure drop is: 	

∆ √2.5 2 1.6 0.1 	3.58	Pa.  

The venturi flow meter calibration is thoroughly discussed in Appendix D. The 
discharge coefficient was determined for the venturi and there was a ± 0.16 % 
deviation between the calculated and measured flow rate over the calibrated 

range, which correspond to 	0.557	x	10 	m /s	 at the lowest AMF. 

The density as well as the specific heat capacity of the air was obtained by using 
temperature dependent property tables at ambient pressure from Eckert and Drake 
(1972). The uncertainty of these values was considered negligible compared to 
other influences. 

The temperature measurement of the outlet air was made with a type K 
thermocouple, which have a systematic error of ± 2.2 °C or 0.75 % depending on 
whichever is the greatest (Figliola, 2006). The data logger has an accuracy of 
± 1 °C for a type K thermocouple within the range of -100 °C to 1200 °C. The 
combined uncertainty of the maximum outlet temperature measurement at 500 °C 

is therefore _ √3.75 1 	3.9	°C 

The ambient temperature measurement was made at the weather station with a 
CS215 temperature and relative humidity probe (Campbell Scientific, 2009). This 
temperature measurement has an accuracy _ 	of ± 0.4 °C between 

5 °C to 40 °C. 

The total uncertainty of the energy transferred to the air at each steady state was 
AMF and temperature dependent, and could be calculated with the following 
general uncertainty expression for this particular case (Coleman & Steele, 1999): 
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∆

∆
_ _  (5.2)

The uncertainty at the condition of minimum flow rate and maximum outlet 
temperature would illustrate the worst case scenario and is used here as reference: 

3.58	Pa
85	Pa

0.557 x 10 m /s
8.11	x	10 	m /s

3.9 °C
500	°C

0.4	°C
25	°C

 

0.0457 or 4.6 % 

(5.3)

The steady state incident power on the absorber was calculated through 
integrating the Gaussian flux distribution function over the absorber aperture. The 
peak flux was measured with a flux sensor. The Vatell TG-1000 flux sensor has a 
calibrated accuracy of ± 3 % at its full scale of 50 kW/m2, which result in an 
uncertainty of ± 1.5 kW/m2. A second flux sensor was used to validate the 
measurements of the first sensor. The Hukseflux SBG01 sensor has a calibrated 
uncertainty of ± 6.3 % at its full range of 10 kW/m2. The measured values of the 
two different sensors were within a range of 2.2 % of each other, with the slight 
difference due to different ambient conditions between the measurements. The 
DNI measurement from the weather station is done with a Kipp and Zonen CHP1 
pyrheliometer that has a 2 % uncertainty (Kipp & Zonen, 2008). 

In order to validate the calculated incident flux, the calculated average 
concentration ratio was compared to the concentration ratio determined in a 
previous project that used the same concentrator (Roos, 2016) and which used a 
water cooled calorimeter designed by Kretzschmar et al. (2014). This device was 
unfortunately no longer available at the time when this project was conducted. 
However, the combined use of the flux sensors, thermal camera and Gaussian 
distribution function produced a calculated average concentration ratio of 71.2, 
which was in excellent agreement to the one determined with the use of the 
calorimeter of 71.4. 

Since the whole test setup was located outside, the changing ambient conditions 
induced quite a large uncertainty. This was accounted for through using the DNI 
and ambient air temperature at the exact time of each of the quasi-steady state 
conditions when calculating the absorber performance, as well as by repeating the 
same tests. The plot of the minutely averaged DNI and ambient air temperature 
measurements during a typical day of testing is shown in Figure 5.6. The average 
DNI over the time period shown is 775 ± 7.6 W/m2, with the average ambient 
temperature being 22 ± 0.4 °C.  
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Figure 5.6: DNI and ambient air temperature variation over a test period for 06/06/2017 

The fact that the complete experimental setup is outside allows a much more 
realistic and representative performance of the experiments, since this is how a 
large receiver will operate. The testing of the absorber was also completely 
dependent on the weather conditions and could only be conducted on clear sunny 
days with relatively low wind speeds. This limited the amount of testing that 
could be performed.  

5.6. Conclusion 

The experimental setup was used to empirically validate the absorber concept as 
well as the numerical results. The small scale tower was designed to allow the 
testing of different absorbers and configurations and to represent the operating 
conditions for the absorber of a large receiver. The thermal evaluation of the 
concept is aimed to answer the question of the actual performance of the absorber 
under different conditions. An uncertainty analysis conducted proved that there is 
a low uncertainty in the measured thermal power gained by the air, however the 
uncertainty of the incident power from the concentrator is dependent on the 
accuracy of the correlation used for the flux distribution. The results for the tests 
are provided in the next chapter with a discussion and other significant 
observations made during testing. 
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Chapter 6 

6.Results and Discussion 

6.1. Introduction 

The experimental tests took place between 19 April 2017 and 6 June 2017, after 
which weather conditions such as insufficient DNI and strong winds prevented 
further testing. During this period, 13 tests were conducted with each test running 
on average 2.5 hours between 11:00 to 14:00, which are in total 32 hours of tests. 

The chapter layout starts with the measured and calculated thermal performance 
for the different absorber configurations. The agreement and discrepancies 
between the experimental and modeling results are then investigated, followed by 
observations made during the testing. A discussion of the overall results and 
conclusion is added at the end. 

6.2. Experimental Results 

The highest efficiency was reached with the (6/4/2) absorber configuration, and 
therefore it is used to provide sample results to be discussed in detail. The results 
of the rest of the absorber configurations tested are then summarized in a table and 
figure at the end. A sample calculation is provided in Appendix E. 

6.2.1. Temperature and Flow Rate Measurements 

The plot of the measured temperatures and five different AMFs of the (6/4/2) 
absorber are shown in Figure 6.1. The DNI during testing was 775 ± 8 W/m2, 
which produced a peak flux of 89.5 kW/m2 and an average flux of 55.3 kW/m2 on 
the aperture of the absorber. The total incident power was 669 W. The ambient 
temperature was 22 °C and wind conditions fairly constant and low at 3.1 m/s. 
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high. Thus, to further increase the outlet air temperature, the incident flux would 
have to be increased to allow higher AMFs and more energy available to transfer 
to the air. The maximum outlet temperatures were therefore restricted by the 
capabilities of the concentrator and not by the absorber material or design. 

The temperature distributions through the absorber and the respective outlet air 
temperatures are shown in Figure 6.2 for the first four AMFs. The shape of the 
distribution stays the same when the flow rate is decreased and only the 
temperature increases. The poor effective conductivity of the front M6 screens 
help to maintain the high temperature deeper into the absorber, and the large open 
area ratio allow good flux penetration. 

Figure 6.2: Temperature distribution through the (6/4/2) absorber and outlet air temperature at 
four different AMFs 

It is clear that the mesh and the outlet air are not at the same temperature at the 
outlet of the absorber. This is explained by the location where the thermocouples 
measure the respective temperatures. The back absorber thermocouple measures 
the center of the absorber where the temperature is the highest, while the outlet air 
temperature is measured in the throat of the cup where the outlet air is mixed, and 
therefore cooler. 

The temperature of the cup material during testing was always only a few degrees 
higher than the air inside the receiver housing surrounding the cup. The cup 
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material reached a temperature of 350 °C and the surrounding air 347 °C during 
the lowest AMF while the outlet air temperature were 488 °C. 

6.2.2. Thermal Performance 

The measured and calculated performance results of the (6/4/2) absorber at each 
quasi-steady state condition are provided in Table 6.1. The DNI, ambient 
temperature and wind conditions were fairly constant between the different AMFs 
tested, which allows for an accurate comparison between them.  

Table 6.1: Measured and calculated results for the (6/4/2) absorber at the quasi-steady state 
condition of each AMF 

 
Unit AMF 1 AMF 2 AMF 3 AMF 4 

Time hh:mm 12:19 12:30 12:41 13:01 

AMF kg/s 0.00150 0.00132 0.00102 0.00081 

DNI W/m2 786 785 780 778 

T out air °C 406 433 463 488 

T front screen °C 530 551 598 651 

PoA W 676.8 678.3 673.6 672.4 

Q out (1) W 592.06 561.1 467.7 392.9 

Efficiency % 87.5 82.7 69.4 58.4 

PoA/AMF kJ/kg 450.9 513.1 657.8 828.7 

(1) Uncertainty of ± 4.6 % 

The thermal performance of the (6/4/2) absorber, at each of the quasi steady state 
conditions, is plotted in Figure 6.3. This graph plots the thermal efficiency and the 
outlet air temperature to the ratio of the power on the aperture divided by the air 
mass flow rate (PoA/AMF). The markers show the measured and calculated 
values. The linear trend lines are for illustration purposes only. 

The radiation losses from the front increase significantly as the temperature 
increases, which causes the expected drop in efficiency at the lower AMFs. 
Additionally, at the low flow rates the small pressure drop over the absorber 
allows the convection and buoyancy-driven flow from the front to dominate the 
flow of hot air. In other words, the fan does not suck in the heat from the front 
strong enough and it is therefore lost to the environment. 
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Figure 6.3: Experimental performance plot for the (6/4/2) absorber at four different AMFs and 
average incident flux level of 55.3 kW/m2 (trend lines added for illustration purposes) 

The maximum outlet air temperature was lower than initially aimed for. This can 
be explained by the non-uniform incident flux, with its peak near the center of the 
absorber resulting in higher local absorber temperatures. The thermal image in 
Figure 6.4 (a) clearly illustrates this effect. This reduces the permeability of the 
central area due to the increase in viscosity with increasing temperature of the air. 
Therefore the AMF through this central region is lower compared to the cooler 
regions at the edges of the absorber (Pabst et al., 2017). The cold air from the 
edges then lowers the average outlet temperature at the back of the absorber. 
Since the screens have a poor in-plane thermal conductivity, this temperature 
gradient is maintained and not diffused outwards.  

In Figure 6.4 (a) the thermal image also displays that the front mesh has a slightly 
lower temperature since the wires of the mesh are visible on the image. This 
confirms the effect measured with the thermocouples and shown in Figure 6.1. 
The temperature distribution illustrated in Figure 6.4 (a) supports the use of the 
Gaussian flux distribution shown in (b). 
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The ambient conditions have a profound influence on the performance of the 
absorber and should therefore be considered when comparing the different 
configurations. These conditions are provided with the performance of each 
configuration in a summary in Table 6.2.  

Table 6.2: Experimental performance summary and operating conditions of the different absorber 
configurations tested 

Config. Avg DNI 
T 

amb 
PoA/ 
AMF 

T_front 
screen 

T_out 
air 

Eff 

 W/m2 °C kJ/kg °C °C % 

(6/4/2) 775 ± 7 22 452 - 829 530 - 651 406 - 488 87.4 - 58.4 

(6/4/2)* 775 ± 7 22 452 - 658 530 - 598 406 - 463 87.4 - 69.4 

(10/0/0) 825 ± 6 25 484 - 606 539 - 598 415 - 459 83.2 - 74.1 

(5/10/0) 909 ± 6 21 533 - 691 630 - 688 417 - 470 76.6 - 67.3 

(5/5/5) 882 ± 9 27 519 - 645 597 - 639 431 - 480 80.5 - 71.9 

(6/10/10) 731 ± 30 28 430 - 601 574 - 651 365 - 435 80.3 - 69.9 

* Only for the first three AMFs 

It is difficult to confirm a trend between the numbers of each screen used and the 
thermal performance of the configurations, since the conditions in which they 
were tested varied so much. It is however clear that the (6/4/2) absorber 
performed the best even with the lowest incident flux.  

The total number of screens installed for a configuration influenced the thermal 
inertia of the absorber, with a higher number resulting in a higher inertia and a 
lower number giving the absorber a quicker response. The number of screens also 
influenced the overall depth of the absorber. It is undesirable to have excess 
screens at the back that do not take part in the heat transfer, since then the air will 
essentially maintain the temperature through heating the screens. 

The results of the experiments indicate that the number of screens installed of the 
very fine M24 type did not have an obvious effect on the performance of the 
absorber. This can be because the M6 and M12 screens in the front are too 
optically dense and therefore the radiation is completely absorbed before it 
reaches the M24 screens. For the (6/4/2) absorber two of the M24 screens were 
added at the back to ensure no radiation are scattered or reflected straight through 
the absorber. The M6 and M12 screens had the biggest effect on the performance 
and therefore more of them were used. 
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The efficiency versus outlet temperature is another common way to compare the 
performance of the different absorbers. This is shown in Figure 6.6 for the five 
different configurations tested. 

Figure 6.6: Experimental measured efficiency and outlet temperature at different AMFs for the 
different absorber configurations 

It is clear that overall the (6/4/2) configuration has the best efficiency over the 
outlet temperature range. Overall all of the absorbers have comparable thermal 
performance results. The testing conditions between different absorber, but also 
between different AMFs for the same absorber should be kept in mind, as 
provided in Table 6.2.  

An important consideration when interpreting the experimental data and 
measurements is how well the experimental tests represent the performance of a 
large receiver. The fact that a single cup is tested could be considered as the worst 
case scenario for several reasons. Firstly, a cup in a large receiver will be 
surrounded by other cups at high temperature and therefore have even lower 
losses through its sides. Secondly, the cup will suck in air that is already partially 
heated through the neighboring cups when the wind blows. It can therefore be 
concluded that the experimental setup represent the performance of an edge 
module rather than a central module. With this assumption it can be expected that 
it is the worst case scenario and that the thermal performance of a central module 
will be better. 
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6.3. Model Validation and Comparison 

The experimental results are used to validate the results from the numerical 
model. The model was adjusted to simulate the experimental test conditions and a 
comparison between the two is shown in the performance plot for the (6/4/2) 
absorber in Figure 6.7. The linear trend lines are once again added for illustration 
purposes only. 

Figure 6.7: Comparison of the performance of the (6/4/2) absorber between the numerical model 
results and experimental measurements at an average incident flux level of 55.3 kW/m2 

The trends between the numerical model and experimental results are consistent 
and the general agreement is good at the higher AMFs, but the model over 
predicts both the outlet air temperature and efficiency at the lower flow rates. For 
the first two AMFs the deviation from the experimental results is a less than 1 %. 
For the third and fourth flow rates the deviations are 6 % and 10 % respectively. 
These percentage deviations are applicable for both temperature and efficiency at 
each flow rate. 

The most significant cause of deviation between the model and the experimental 
results is the fact that the model assumes a 1-D approximation with a homogenous 
calculated average flux distribution over the aperture of the absorber. This 
assumption does not take any in-plane changes into account, such as that the 
airflow is not always perpendicular to the screens and that the actual absorber 
allows some parallel flow behind the screens that lower the convective heat 
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transfer. The non-uniform flux distribution of the experimental setup also causes a 
difference in permeability over the absorber, as explained earlier, which 
influences the AMF through the absorber and therefore influences the outlet 
temperature and efficiency. 

When comparing the temperature distribution in Figure 6.2 with the one plotted 
for the numerical model, it is clear that the assumption of a volumetric heat source 
for the radiation transfer clearly prevents the model from accurately predicting the 
temperature distributions through the absorber. The actual absorbers allow much 
better penetration of the flux into its depth than calculated by the model. 

The Reynolds number at the lowest AMF is very close to the lower limit of the 
correlation of Avila-Marin et al. (2017), and therefore the uncertainty of the 
convective heat transfer coefficient is larger (Natividade, 2015). The Nusselt 
number correlations and the effective thermal conductivity correlation used for the 
absorber in the model are also only estimates and do not represent the absorber 
perfectly.  

There are several geometrical discrepancies between the ideal modeled absorber, 
and the real wire mesh absorber tested in the experiments. These discrepancies 
include non-perfect inline or staggered arrangement, mesh dimensions deviating 
from specifications, a difference in surface absorption and roughness of the wires 
as well as several other factors. The model also assumed perfect and constant 
conditions and therefore could not adequately compensate for the environmental 
influences on the experimental setup, such as the continuous variation in wind 
conditions and DNI input. The model do not account for losses through the 
insulation of the receiver housing.  

 

In order to further examine the validity of the numerical and experimental results, 
they are also compared to the previous study carried out by Avila-Marin et al. 
(2013), who tested a wire mesh absorber at PSA. This absorber had an open area 
ratio going from 61 % to 38 % and the performance plot is shown in Figure 6.8. 
This absorber consisted of 7 screens and was 9.5 mm thick. The results from the 
numerical model and experimental tests are plotted with these results on the figure 
to allow a comparison. 
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Figure 6.8: Performance of the experimental and model results with the wire mesh screen 
absorber tested at PSA (adapted from (Avila-Marin et al., 2013)) 

These tests were performed at average flux values of 220 kW/m2 to 260 kW/m2, 
which are significantly higher than the tests performed in this project at average 
flux values of 55.3 kW/m2. This enabled Avila-Marin et al. (2013) to operate at 
much higher AMFs since the PoA/AMF ratios are comparable to the ratios tested 
in this project.  

The experimental as well as model results have a very good level of agreement in 
both magnitude and trends with those of Avila et al. (2013) at the lower 
PoA/AMF ratios, but the efficiency as well as outlet air temperature was lower at 
the higher ratios. The same reasons provided before apply here. Another 
important consideration is that the tests at PSA were performed at an in-house test 
setup and were therefore not exposed to the changing ambient conditions. 

6.4. Observations during Testing 

The experimental tests of the absorber concept provided several important 
observations other than the temperature and performance measurements. These 
observations are important to evaluate the overall applicability of the wire mesh 
absorber for this project and concept. 
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tests. The best way to mitigate the effect of the wind is to operate at a higher AMF 
through the absorber since the higher inlet velocity will minimize the influence of 
the cross wind. 

6.5. Conclusion 

The experimental tests investigated different wire mesh absorber configurations 
under different AMFs. The highest outlet temperatures and lowest efficiencies 
were consistently reached at the lowest flow rates for all of the absorbers. The low 
thermal efficiency is due to the radiation losses at the high front temperatures, as 
well as the convection losses from the front due to the overwhelmingly buoyancy 
driven flow. The outlet temperature of the absorber is also lowered as a result of 
the non-homogenous incident flux distribution over the aperture, which causes a 
difference in permeability and therefore in flow rate between the hot center and 
cooler edges of the absorber. The effect that the number of screens has on the 
performance was found to be only significant for the M6 and M12 screens that 
receive the highest flux values and heat transfer to the air. The maximum outlet 
temperatures were restricted by the capabilities of the concentrator and not by the 
absorber. Higher flux intensities will produce more power incident on the 
absorber to heat up the air to higher temperatures. This will also allow higher flow 
rates, thereby increasing the heat transfer of the absorber and its efficiency. 

The testing of a single cup is considered the worst case scenario for the 
performance of the absorber, since there was a large flux variation over the 
aperture and because although insulated, the sides of the absorber were colder 
than the cup itself. The thermal performance of a large receiver will be better than 
for the single absorber module measured in the experimental setup. 
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Chapter 7 

7.Conclusion 

7.1. Discussion of Results 

For this project an OVAR was developed to heat up ambient air to charge a rock 
bed TES. The aim was to develop a simple and cost effective concept that makes 
use of local content and manufacturing processes. The concept was designed, 
numerically modeled and experimentally tested with a new small scale test tower 
and available medium flux concentrator. The main parameters investigated in this 
project were the effect of the absorber configuration and AMF on the thermal 
performance of the absorber. 

Concept: 

The wire mesh absorber with a gradual porosity was identified as a suitable 
solution. The absorber consisted of a certain configuration of wire mesh screens, 
stacked from high porosity screens in the front to lower porosity screens at the 
back. The screens were placed inside a modular absorber cup, based on the 
HiTRec concept. The low front surface area and inline wire arrangement followed 
by a lower porosity mesh with higher specific surface area deeper into the cup, 
aimed to enhance the performance of the absorber. 

This absorber concept offers several advantages: it use a low cost, locally 
available material, it can be easily installed in any shape and size, a large number 
of variations in configurations can be tested, the wire material can be upgraded to 
a higher grade if desired, the wire mesh handles thermal shock very well, and the 
geometrical properties of the screens can be used to optimize the absorber.  

Numerical model: 

The 1-D numerical heat transfer model provided a sensible description and 
representation of the overall heat transfer process in the absorber. The model 
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made use of a HEM with LTNE to calculate the temperature profiles of both the 
solid and the fluid through the absorber. The use of a Gaussian incident flux 
distribution was characterized and validated with the thermal camera and flux 
sensors.  The radiation was approximated as a volumetric heat source inside the 
absorber. 

There is a good agreement between the model and experimental results at higher 
AMFs, with a deviation of less than 1 %. The model however overestimated the 
performance at lower flow rates due to assumptions simplifying the incident flux, 
mass flow rate distribution through the absorber and Nusselt number correlations 
which resulted in a deviation of 10 %. For the purpose of investigating the heat 
transfer and helping understand the influence of various parameters, the numerical 
model provided adequate insight into the performance of the absorber, and 
established a good foundation for more advanced numerical models in future 
work.  

Experimental tests: 

The experimental results indicate that at small scale this absorber concept shows 
promising performances and possibilities. The new test tower that was designed 
enabled easy testing of different absorber configurations and allows for future 
optimization. Within the limits of accuracy, the (6/4/2) absorber configuration 
provided outlet air at 405 °C to 488 °C with a thermal efficiency of 87 % to 58 % 
under average incident flux values of 55.3 kW/m2. In order to ultimately achieve 
550 °C outlet air, the total incident power needs to increase which will also 
increase the efficiency of the absorber since the absorber can then operate under 
higher AMFs.  

The thermal efficiencies were lower than expected due to the high thermal losses 
associated with the high front temperatures, as well as the low AMFs that the tests 
were performed at. A higher AMF increase the heat transfer coefficient, lower the 
front temperature and reduce the effect the wind and convection losses have. The 
AMF can only be used up to a point to increase the outlet temperature, after which 
the poor heat transfer results in the thermal losses to outweigh the increase in 
outlet air temperature.  

The outlet temperature was not limited by the absorber concept, but by the low 
concentration ratio capabilities of the test setup. The outlet temperature can be 
increased either by testing on a day with higher DNI values or by adding more 
mirrors to the setup. The fact that the test setup is located outside and that the 
receiver is not protected from the influence of ambient conditions allowed for a 
better representation of the actual performance of the receiver. However this also 
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limited the amount of experimental tests that could be performed. The 
experimental results are sufficient for the use of a preliminary design analysis and 
as an initial step towards the development for a large receiver. 

The tests demonstrated the simplicity of the absorber and receiver design and 
operation. Although visual inspection of the mesh showed no signs of melting or 
damage, long term aging tests are necessary to ensure that the AISI 316 material 
can sustain its integrity over long term exposure to the concentrated radiation. 

7.2. Future Work and Recommendations 

Concept: 

The choice of the wire mesh screens for this concept was based on the 
experimental findings of Avila-Marin et al. (2013).  There is however a wide 
variety of other screens available for optimizing the configuration. The use of knit 
wire as the absorber material can also be further investigated. A possible 
optimized concept can include a stack of wire mesh screens with a large open area 
ratio in the front, followed by a coiled knit wire mesh at the back. This will 
combine the good penetration and durability of the screens in the front, with the 
increased heat transfer in the knit wire due to its unstructured arrangement and 
thin wires.  

The perforated back plate should be modified to have smaller holes around the 
edges of the plate to increase the AMF through the hot center part of the absorber, 
and decrease the flow rate through the cooler edges. 

Numerical model: 

It is clear from the results that the 1-D numerical model could provide a realistic 
insight into the overall heat transfer process, but that there is significant deviation 
at lower AMFs. The model could also not accurately predict the temperature 
distribution through the depth of the absorber, due to the assumption of the 
radiation as a volumetric heat source. Therefore a more detailed approach that 
makes use of CFD to solve the mass, momentum and energy equations through 
the absorber should be taken. The use of a 2-D model with the P1 radiation 
approximation should be investigated to better account for the effect of the flux 
distribution over the aperture and radiation attenuation. 

Experimental tests: 

The mathematical model of the absorber can only be as accurate as the 
correlations used for the various characteristics of the mesh. The optical properties 
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such as screen transmittance, reflectance and overall extinction through different 
absorber configurations should be experimentally measured. The volumetric heat 
transfer coefficient can also be improved through doing a transient test. The 
pressure drop over the absorber was disregarded for this project, but should be 
included in future work towards a larger receiver. 

The experimental tests provided performance results for a single cup in operation. 
The next step towards developing a large receiver would be to test a matrix of 
absorber modules and find the influence they have on each other and on the 
performance of the receiver. The air return loop has not yet been tested, since the 
return air from the rock bed TES is too low to significantly increase the receiver 
efficiency. The return air should be closer to the air temperature measured inside 
the receiver housing, which was 350 °C. Otherwise the conduction losses through 
the sides of the cup will be too high and reduce the outlet air temperature. In order 
to adequately test the effect of the return air on the test setup, electric heaters can 
be used to preheat the return air if necessary. 

The uncertainty of the efficiency measured for the wire mesh absorber is high 
since the incident power could not be exactly measured. Although the use of the 
Gaussian distribution function and by correlating it with the thermal camera and 
flux sensors proved to be a very good representation of the actual setup, a more 
accurate flux measuring system should be used to validate the results. 

7.3. Conclusion 

Sunlight, air and rocks are all over available, sustainable and cheap. The 
combination of a rock bed TES system that is charged with an open volumetric air 
receiver provide a low-cost and simple solution that use CSP to produce and store 
high temperature, unpressurized air for power generation or process heat 
applications. The goal of the research was therefore reached through successful 
development of a suitable absorber concept that addresses the high costs and 
technology requirements associated with this technology. Each of the objectives 
set out for this project were reached: 

 The first objective was reached through using a gradual porosity wire 
mesh screen absorber inside a modular stainless steel cup. The wire mesh 
screens are locally available and the modular cup can be manufactured 
through simple bending and welding processes. This concept is reliable, 
easily scalable and cost effective.  
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 The second objective was achieved through developing a numerical model 
that could realistically calculate the thermal performance at steady state 
conditions and represent the overall heat transfer through a volumetric 
absorber with changing geometrical properties through its depth.  

 The last objective was completed through experimentally testing and 
validating the absorber concept and by measuring the thermal performance 
thereof. The new small scale tower that was designed allows easy testing 
of different absorber configurations and allows for future tests and 
optimization. 

It is therefore concluded that the wire mesh screen in a modular cup is a suitable 
absorber concept for an open volumetric air receiver to ultimately produce the hot 
air to charge the rock bed thermal energy storage system.  
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Appendix A 

A.Thermophysical Properties of Air 

A.1. Air Property Figures 

The thermophysical properties of ambient air are plotted over the typical 
temperature range operated at, which was between 20 °C and 600 °C. The values 
of each property over the temperature range were obtained from property tables 
from Eckert and Drake (1972). The aim of the figures is to aid in the 
understanding of the influence of the temperature on the following four properties 
and the effect that they have on the thermal performance of the absorber. 

 Specific heat capacity: , 	J kg ∙ K⁄  

 Density: , 	kg m 	⁄  

 Thermal conductivity: ,W m ∙ K⁄   

 Dynamic viscosity: , kg m ∙ s⁄   

 
Figure A.1: Specific heat capacity of air over a temperature range 
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Figure A.2: Density of air over a temperature range 

 
Figure A.3: Thermal conductivity of air over a temperature range 

 
Figure A.4: Dynamic viscosity of air over a temperature range 
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Appendix B 

B.Incident Flux Calculation 

B.1. Introduction 

The incident flux is an important parameter in calculating the thermal efficiency 
of the absorber, since it represents the effective energy available to transfer to the 
air. To measure the incident flux levels over the absorber aperture usually 
involves advanced tools such as Lambertian targets coupled with a CCD camera. 
These devices are expensive and require extensive knowledge and experience to 
correctly install and calibrate. Since the optics from the solar field is outside the 
scope of this project, this was not considered for the flux measurement.  

A detailed Soltrace simulation was performed by Kretzschmar (2014) who 
developed the concentrator. Kretzschmar also designed and manufactured a flat-
plate water cooled calorimeter to experimentally validate and measure the incident 
power. This device was however not available when tests for this project were 
performed. The previous results thereof were used to validate the measurements 
and methodology used in this project. The methodology was already introduced 
and briefly discussed in Chapter 4. 

B.2. Methodology 

As a first assumption, the incident flux levels were considered constant over the 
absorber aperture. The visual investigation of the new absorber after it was placed 
in the concentration however clearly showed that the flux was not constant over 
the absorber, and that a peak was experienced around the center. This is typical 
for a solar concentrator and therefore a Gaussian-type flux distribution from 
Roldán et al. (2014) was assumed over the aperture of the absorber. The 
distribution is given by: 
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The x and y coordinates discretize the aperture. In order for the function to 
correlate with the actual flux from the experimental setup, the peak flux as well 
and the variance of the distribution is required. The variance,	 , provides the 
distribution of the function over the aperture. The peak flux,	 ,  is calculated 

through multiplying the DNI at the time of testing with a calculated peak 
concentration ratio,	 , on the center of the absorber from the concentrator: 

The peak concentration ratio and variance were then the two variables that needed 
to be determined. The methodology used to find and measure this was to install a 
heat flux sensor in the place of the absorber that measured the peak incident flux 
as a function of DNI and the number of mirrors reflecting on the absorber. The 
variance of the flux distribution was assumed to be represented by the temperature 
distribution over the aperture, and was correlated with the use of a thermal image 
from a thermal camera. 

B.3. Equipment 

The following equipment was used to measure and evaluate the incident flux and 
temperature distribution over the absorber aperture. 

B.3.1. Flux Sensors 

The peak flux was measured separately with two water cooled heat flux sensors. 
The second sensor was used to validate the measurements of the first sensor. The 
details of the sensors can be found in Table B.1 and Table B.2. Both sensors were 
connected to the data logger to take and store the measurements at a 3 second 
interval. The DNI values were obtained from the Sonbesie weather station. 

Table B.1: Specifications for the Vatell TG1000-0 with AMP-15 flux sensor 

Parameter Unit Value or range 

Sensor range kW/m2 0 to 50  

Sensor sensitivity mV/W/cm2 220.264  

Uncertainty at nominal range % 3 

, ,  (B.1)

,  (B.2) 
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Table B.2: Specifications for the Hukseflux SBG01-010 flux sensor 

Parameter Unit Value or range 

Sensor range kW/m2 0 to 10  

Sensor sensitivity V/W/cm2 0.634 x 10-6  

Uncertainty at nominal range % 6.3 %  

B.3.2. Thermal Camera 

The most relevant specifications of the thermal camera are provided Table B.3. 

Table B.3: Specifications for the Fluke Ti400 (Fluke Corporation, 2013) 

Parameter Unit Value or range 

Temperature range °C  -20 to 1200 

Accuracy °C or % 
± 2 °C or 2 % (whichever is 
greater)  

Detector resolution - 320 x 240 

Infrared spectral band μm  7.5 to14  (long wave) 

B.4. Peak Concentration Ratio 

The solar field consists of in total 152 mirrors that are arranged in 9 rows of 
17 mirrors each. The left and right hand sides of the field, the aim mirror and the 
tower is illustrated in Figure B.1. 

 
Left hand side (LHS) 

Aim 
col. 

Right hand side (RHS) 

 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 
 

 
Tower  

Figure B.1: Solar field layout of the medium flux concentrator showing the two sides as well as 
aiming mirror and tower locations 
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The peak concentration ratio is calculated by normalizing the measured incident 
flux with the DNI at that time (Romero & Steinfeld, 2012): 

 (B.3) 

The measured flux, DNI and calculated peak concentration ratio is determined for 
each new column of mirrors added to the open part of the field.  The total number 
of open mirrors takes the mirrors that are covered by the shadow of the tower into 
account. The results are presented in Table B.4. 

Table B.4: Flux measurements and peak concentration ratios calculated for the RHS of the field 

Column 
added 

Total no. of 
open mirrors

Measured 
flux 

kW/m2 
DNI 
W/m2 

Concentration 
ratio, c_peak 

Aim row 8 5.35 852 6.28 

+ 1 14.5 9.51 853 11.14 

+ 1 21 14.10 856 16.47 

+ 1 30 19.14 855 22.38 

+ 1 39 25.36 850 29.84 

+ 1 48 31.67 853 37.14 

+ 1 57 37.49 855 43.82 

+ 1 66 43.81 855 51.27 

This procedure is repeated for the both the RHS and LHS of the field. The peak 
concentration ratios are then plotted against the number of open mirrors for both 
sides. A linear function is fitted to the sets of data points. The plot for the RHS is 
illustrated in Figure B.4 and the LHS is plotted in Figure B.5. 
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Figure B.4: Peak concentration ratio against the number of mirrors open on the RHS (linear 
function fitted through points) 

Figure B.5: Peak concentration ratio against the number of mirrors open on the LHS (linear 
function fitted through points) 

Due to the tracking limitation of the setup, there was not enough time to open all 
the columns of the LHS during the same day. The linear trend line of the 
measurements is however clear. With the use of the linear function the peak 
concentration ratio can be expressed as a function of the number of open mirrors. 
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Figure B.7: Temperature distribution over the absorber aperture at the inspection line, and 
calculated Gaussian distribution function 

B.6. Overall Setup Performance 

The total power incident on the absorber’s aperture,	 , is calculated through 
integrating the flux distribution function over the aperture area: 

An average homogenous flux distribution is calculated for the front of the 
absorber that is representative of the total power input to the absorber. This is 
calculated by dividing the power on the aperture with the area of the aperture: 

This average flux can then be used to calculate an overall average concentration 
ratio for the concentrator: 

,
 (B.8)
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B.7. Validation 

The use of the Gaussian distributed flux function can be validated by comparing 
the total power on the aperture calculated through the function with the power 
measured with the calorimeter by Roos (2016) on a day with DNI = 998.4 W/m2. 

Table B.5: Comparison between the total incident power and average concentration ratio between 
the use of a Gaussian flux distribution function and the measurements made with the calorimeter 

 
Gaussian distribution 

function 
Calorimeter used by 

Roos (2016) 

Total incident power 939.8 W 
941.5 W (± 40.9 W or 

4.3 % standard deviation) 

Average concentration 
ratio 

71.18 71.3 

The two different methods are in very good agreement with one another and the 
Gaussian distribution function is therefore accepted as adequate to represent the 
incident flux from the concentrator.  
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Appendix C 

C.Test Tower 

C.1. Thermocouple Layout 

The complete thermocouple layout of the test tower is shown in Figure C.1. 

8

13

9, 10, 
11, 12

14

 

TC no. Measurement 

1 to 4 Absorber 

5 Outlet air 

6 Cup material 

7 Inside of housing 

8 Rock bed inlet 

9 to 12 Housing insulation 

13 Rock bed outlet 

14 Fan inlet 

 

5 7 6 4 3 2 1

 

Figure C.1: Thermocouple locations throughout the test tower and absorber (not to scale) 
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Appendix D 

D.Flow Meter Calibration 

D.1. Introduction 

The AMF through the absorber was measured with a venturi flow meter placed 
after the rock bed heat exchanger. A pressure transducer connected to the data 
logger constantly measured the pressure drop over the venturi. The temperature 
was also measured before the venturi inlet to account for the change in air density 
through the flow meter during testing. 

D.2. Equipment 

D.2.1. Venturi Flow Meter 

The venturi flow meter was designed and manufactured by Kretzschmar (2014) 
and have standard dimensions provided for pressure differential meters in Figliola 
and Beasly (2006). The dimensions are provided in Table D.1. 

Table D.1: Dimensions of the venturi flow meter 

Parameter Symbol Dimension Value 

Inlet diameter  mm 40 

Throat diameter mm 8  

Overall length L mm 115  

⁄   - 0.2 

Divergence angle - ° 15 
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D.2.2. Pressure Transducer 

The differential pressure transducer is an Endress+Hauser Deltabar PMD230 with 
4 to 20 mA current output and HART communication protocol. The relevant 
specifications of the transducer is provided in Table D.2. 

Table D.2: Specifications for the Endress+Hauser Deltabar PMD230 pressure transducer 

Parameter Unit Value or range 

Measuring range kPa -2.5 to 2.5  

Set span kPa 0 to 2.5  

Accuracy % For a TD 10:1 : ± 0.1 % of set span 

The pressure transducer was connected to the data logger and produced a voltage 
output based on the differential pressure measured. The transducer was first 
calibrated against a Betz micromanometer (ACIN Instrumenten, 2017) available 
at the department to obtain a calibrated correlation between the measured pressure 
drop and the output voltage from the transducer, as illustrated in Figure D.1. 

 

Figure D.1: Manometer pressure drop against the pressure transducer voltage output (linear trend 
line fitted to the points) 

A linear trend line was fitted through the data points and the following correlation 
obtained between the pressure drop and the voltage output from the transducer. 
The R2 value for the trend line was 0.9999. 
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D.3. Venturi Calibration 

The venturi flow meter was installed in line with the DISA flow meter calibration 
unit that is also available at the department. The volumetric flow rate through the 
DISA flow meter could be accurately determined while the pressure drop over the 
venturi was measured with the pressure transducer. The ambient conditions in the 
lab at which calibration took place are provided in Table D.3. 

Table D.3: Ambient conditions in which calibration took place 

Property Symbol Unit Value 

Pressure  kPa 101  

Temperature   °C 20  

Air density   kg/m3 1.2   

Kinematic viscosity   m2/s 16.21 x 10-6  

The inlet velocity to the venturi is obtained through the dividing the known 
volumetric flow rate with the area of the venturi inlet: 

 (D.2) 

The Reynolds number at the venturi inlet is: 

 (D.3) 

The volumetric flow rate through the venturi is calculated with the following 
equation from (White, 1994): 

2 ∆
1

 (D.4) 

Since the venturi and the DISA flow meters are installed in series and it is 
assumed that there is no losses from leakages in the setup, the volumetric flow 
rate are equal through both flow meters. This then allows the discharge coefficient 
for the venturi to be calculated from Equation (D.1) for each of the flow rates 
tested at. 
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The measured and calculated results are provided in Table D.4 for the six different 
points tested at. The points were chosen to cover the complete range over which 
the venturi will operate in the experimental setup. 

Table D.4: Measured and calculated data for the venturi calibration 

Point 
  ∆   

 	
m3/s Pa m/s 

1 0.00084 171.93 0.67033 1.65E+03 0.981 

2 0.00105 273.13 0.83965 2.07E+03 0.975 

3 0.00118 341.14 0.93545 2.31E+03 0.972 

4 0.00131 423.99 1.03989 2.57E+03 0.969 

5 0.00151 574.65 1.20521 2.97E+03 0.965 

6 0.00163 669.75 1.29889 3.21E+03 0.963 

The discharge coefficient is plotted in Figure D.2 against the inlet Reynolds 
number. The markers show the measured point and the trend line is added to 
illustrate the trend on the points. 

Figure D.2: Discharge coefficient for the venturi flow meter over the inlet Reynolds number 

The average discharge coefficient then for the venturi flow meter is 0.971 in the 

range of	1.65	x	10 3.21	x	10 . When the flow rate through the venturi 
is calculated with this coefficient and Equation (D.1), there is only a 0.16 % 
deviation from the flow rate measured with the DISA flow meter. 
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The AMF is calculated by multiplying the density of the air at the inlet 
temperature to the venturi with the volumetric flow rate through it: 

∆  (D.5) 
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Appendix E 

E.Sample Calculations 

E.1. Sample Calculations  

This appendix provides a sample calculation of how the thermal performance of 
the absorber configuration was calculated from the experimental measurements. 
The measurements and results of the (6/4/2) absorber at the first AMF are used as 
example as provided in Chapter 6 and repeated here in Table E.1. Each of the 
entries in the table will be discussed and calculated. 

Table E.1: Measured and calculated results for the (6/4/2) absorber at the quasi-steady state 
condition of the first AMF 

Unit AMF 1 

Time hh:mm 12:19 

AMF kg/s 0.00150 

DNI W/m2 786 

T out air °C 406 

T front screen °C 530 

PoA W 676.8 

Q out W 592.06 

Efficiency % 87.5 

PoA/AMF kJ/kg 450.9 

T amb °C 22 
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Time: 

The time indicates when the quasi steady state condition was reached. This time is 
also used to obtain the exact weather conditions from the Sonbesie. 

Weather: 

A snippet of the weather data from the Sonbesie is provided in Table E.2 for the 
time during which the quasi-steady state condition was experienced for the first 
AMF. This test was performed on 06/06/2017. 

Table E.2: Weather data for the first quasi-steady state condition of the (6/4/2) absorber 

Timestamp DNI T_amb 
Relative 

Humidity 
Wind speed 

hh:mm W/m2 °C % m/s 

12:19 786.37 21.75 44.53 2.862 

12:20 785.85 21.73 44.75 3.575 

12:21 784.63 21.64 45.06 3.737 

Averages: 785.61 21.71 44.78 3.39 

The relative humidity and wind speed were added to enable a better interpretation 
of the conditions. The lower than expected DNI for this clear sky day can be 
explained by the high relative humidity, which made the air hazy and increased 
the atmospheric scattering and lowering the DNI measured on the ground. The 
wind speeds is obviously not measured at the test setup and therefore only provide 
a relative idea of the wind conditions during that time of testing. The wind was 
fairly constant. 

AMF: 

The AMF is measured with the pressure drop over the Venturi flow meter. First 
the voltage output from the pressure transducer is converted to a pressure drop. 
The transducer had an average output of 1.2829 V, which is used in the calibration 
function to obtain the pressure drop: 

∆ 312.5371
1.2829 V

V
0.0221  

400.98 Pa 

(E.1) 

The density of the air through the venturi was evaluated at the average outlet 
temperature from the rock bed heat exchanger. The average rock bed outlet 
temperature of the rock bed heat exchanger during the quasi-steady state 
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conditions and was 27.01 °C, which results in an air density of 1.1774 kg/m3 
obtained from the air property tables. The volumetric flow rate is calculated with: 

2 ∆
1

 

= 0.008 ∙ 0.971 ∙ .

. .
 

0.001275 m /s 

(E.2) 

The AMF is finally calculated with: 

 

1.1774 ∙ 0.001275 

0.00150 kg/s 

(E.3) 

Temperatures: 

The average outlet air temperature from the absorber is 405.75 °C, while the 
average front screen temperature was 529.81 °C. Both are obtained directly from 
the thermocouple measurements. 

PoA: 

The power on the aperture was calculated with the calculated average 
concentration ratio: 

Q out: 

The ambient temperature is used for the inlet condition. The specific heat capacity 
is evaluated at the average temperature between the inlet and outlet conditions, 
and the air property tables is used to obtain the corresponding values for the 
specific heat capacity. The values are then substituted back into the simplified 
equation to calculate the energy in the air: 

,  

 

785.61 ∙ 71.2 ∙ 0.11  

676.82 W 

(E.4) 
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Efficiency: 

The efficiency is simply calculated by dividing the thermal power in the air 
divided by the total incident power on the absorber aperture: 

d

,

,

 

0.00150 ∙ 1027.2 ∙ 405.75 21.71  

= 	 ,  

 592.06 W 

(E.5) 

 

592.06
676.82

 

0.875 or 87.5 % 

(E.6) 
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