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Abstract 
A new receiver concept utilizing impinging jet cooling technology has been 
developed for a small scale solar dish-Brayton system. In a typical 
impinging receiver design, the jet nozzles are distributed evenly around the 
cylindrical absorber wall above the solar peak flux region for managing the 
temperature at an acceptable level. The absorbed solar irradiation is 
partially lost to the ambient by radiation and natural convection heat 
transfer, the major part is conducted through the wall and taken away by the 
impingement jets to drive a gas turbine. Since the thermal power 
requirement of a 5 kWe Compower® micro gas turbine (MGT) perfectly 
matches with the power collected by the EuroDish when the design Direct 
Normal Irradiance (DNI) input is 800 W/m2, the boundary conditions for 
the impinging receiver design in this work are based on the combination of 
the Compower® MGT and the EuroDish system. 

In order to quickly find feasible receiver geometries and impinging jet 
nozzle arrangements for achieving acceptable temperature level and 
temperature distributions on the absorber cavity wall, a novel inverse 
design method (IDM) has been developed based on a combination of a ray-
tracing model and a heat transfer analytical model. In this design method, a 
heat transfer model of the absorber wall is used for analyzing the main heat 
transfer process between the cavity wall outer surface, the inner surface and 
the working fluid. A ray-tracing model is utilized for obtaining the solar 
radiative boundary conditions for the heat transfer model. Furthermore, the 
minimum stagnation heat transfer coefficient, the jet pitch and the 
maximum pressure drop governing equations are used for narrowing down 
the possible nozzle arrangements. Finally, the curves for the required total 
heat transfer coefficient distribution are obtained and compared with 
different selected impinging arrangements on the working fluid side, and 
candidate design configurations are obtained. 

Furthermore, a numerical conjugate heat transfer model combined with a 
ray-tracing model was developed validating the inverse design method and 
for studying the thermal performance of an impinging receiver in detail. 
With the help of the modified inverse design method and the numerical 
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conjugate heat transfer model, two impinging receivers based on sintered α-
SiC (SSiC) and stainless steel 253 MA material have been successfully 
designed. The detailed analyses show that for the 253 MA impinging 
receiver, the average air temperature at the outlet and the thermal efficiency 
can reach 1071.5 K and 82.7% at a DNI level of 800 W/m2 matching the 
system requirements well. Furthermore, the local temperature differences 
on the absorber can be reduced to 130 K and 149 K for two different DNI 
levels, which is a significant reduction and improvement compared with 
earlier published cavity receiver designs. The inverse design method has 
also been verified to be an efficient way in reducing the calculation costs 
during the design procedure. 

For the validation and demonstration of the receiver designs, a unique 
experimental facility was designed and constructed. The facility is a novel 
high flux solar simulator utilizing for the first time Fresnel lenses to 
concentrate the light of 12 commercial high power Xenon-arc lamps. 
Finally, a prototype of a 253 MA based impinging was experimentally 
studied with the help of the 84 kWe Fresnel lens based high flux solar 
simulator in KTH. 

 

 

 

Key words: Concentrating solar power; Impinging receiver; Inverse design 
method; Conjugate heat transfer; High flux solar simulator 
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Sammanfattning 
Ett nytt solfångarkoncept som utnyttjar kylning genom förhöjd forcerad 
konvektion med miniatyrdysor, har utvecklats för en småskalig 
Braytoncykel med parabolisk solreflektor. Dysorna är jämt fördelade kring 
solfångarväggens omkrets i höjd med området för solinstrålningens 
maximum, och håller på så sätt temperaturerna på en acceptabel nivå. Den 
fångade solinstrålningen är delvis förlorad i form av strålning till 
omgivningen och egenkonvektion. Majoriteten av värmen leds däremot 
genom solfångarväggen och tas genom forcerad konvektion upp av 
arbetsmediet efter att det har skjutits genom dysorna. Det uppvärmda 
arbetsmediet förs sedan vidare för att driva en turbin. Eftersom 
värmeeffektbehovet för en 5 kWe Compower®-mikrogasturbin (MGT) 
exakt överensstämmer med den infångade effekten av EuroDish vid en 
solinstrålning (DNI) på 800 W/m2, är randvillkoren för solfångarkonceptet 
baserat på kombinationen av mikrogasturbinen från Compower® och 
EuroDish-systemet.  

En ny invers designmetod har utvecklats för att enkelt identifiera gångbara 
solfångargeometrier och konfigurationer för dysornas placering. 
Designmetoden bygger på kombinationen av en strålföljningsmodell och en 
analytisk värmeöverföringsmodell. I modellen används en 
värmeöverföringsmodell av solfångarväggen för att analysera 
värmeöverföringen mellan solfångarväggens yttre yta, inre yta och 
arbetsmediet. Strålföljningsmodellen används för att bestämma 
solinstrålningsrandvillkoren för värmeöverförningsmodellen. Vidare 
används ekvationer för minsta stagnationsvärmeöverföringskoefficient, 
dysornas delningsavstånd och högsta tillåtna tryckfall för att begränsa 
antalet möjliga dyskonfigurationer. Slutligen jämförs de erhållna kurvorna 
för fördelningen av den nödvändiga totala värmeöverföringskoefficienten 
med de olika utvalda dyskonfigurationerna på arbetsmediesidan av 
solfångarväggen, och möjliga designkonfigurationer erhålls.  

En numerisk värmebalans i kombination med en strålföljningsmodell 
utvecklades för att validera den omvända designmetoden samt för att 
studera den termiska prestandan hos solfångardesignen i detalj. Två 
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solfångarkoncept baserade på sintrad alfakiselkarbid (SSiC) och rostfritt 
stål 253 MA designades framgångsrikt med hjälp av den modifierade 
omvända designmetoden samt den numeriska värmebalansen. Den 
detaljerade analysen visar att solfångaren i 253 MA kan nå 
utloppstemperaturen 1071.5 K och verkningsgraden 82.7% vid en DNI på 
800 W/m2, och uppfyller därmed systemkraven väl. Vidare kan de lokala 
temperaturdifferenserna i solfångaren begränsas till mellan 130 K och 149 
K för två olika nivåer av DNI. Detta är en betydande minskning och 
förbättring jämfört med tidigare publicerade kavitetssolfångare. 
Designmetoden har även verifierats som ett effektivt verktyg för att 
begränsa beräkningskostnader under utvecklingsfasen.  

För validering och demonstation av solfångardesignerna har en unik 
provanläggning konstruerats. Denna nya solsimulator är den första att 
utnyttja fresnellinser för att koncentrera ljuset från 12 kommersiella 
kraftfulla Xenon-båglampor på sammanlagt 84 kWe och på så sätt nå ett 
högt ljusflöde. Slutligen studerades en prototyp av den 253 MA-baserade 
solfångaren experimentellt med hjälp av den fresnellins-baserade 
solsimulatorn på KTH. 

 

 

 

Nyckelord: Koncentrerad solkraft; solfångare; omvänd designmetod; 
värmebalans; solsimulator 
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Thesis outline 

 

This work focuses on the development of an impinging receiver for solar 
dish-Brayton systems. The thesis consists of the following chapters: 

Chapter 1 is an introduction of the research background. 

Chapter 2 is the objectives of this thesis work and the methodology for 
achieving these objectives. 

Chapter 3 is the impinging receiver concept introduction, including the 
review of the problem in traditional cavity receiver design and the 
introduction of the impinging jet cooling technology.  

Chapter 4 is an introduction of the boundary conditions used in this thesis 
work for the impinging receiver design. The introduction of the Ray-tracing 
methodology and the surface slope error are also included. 

Chapter 5 is the description of the inverse design method, which is 
developed for quickly finding possible impinging receiver designs, 
including the introduction of the heat transfer model and the 
implementation of the method on two impinging receiver designs.  

Chapter 6 is the description of the numerical work for the detailed study of 
two different receivers with different materials. A conjugate heat transfer 
model combined with a ray-tracing model is used for studying the detailed 
thermal performance of the impinging receivers and validating the inverse 
design method. 

Chapter 7 is the design process description of an 84 kWe Fresnel lens based 
high flux solar simulator at KTH, including component selection, optical 
design and ray-tracing model.  

Chapter 8 is the description of the experimental testing results of a 
prototype receiver, which is made in austenitic stainless steel 253 MA. 

Chapter 9 is the general conclusion of current work and future work.  
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1 Introduction 
 

1.1 Concentrating solar thermal power  

Solar energy is one of the most abundant energy sources on the earth. The 
amount of sunlight intercepted by the earth continuously is 1.75×1014 kW, 
and 1.05×1014 kW reaches the earth’s surface continuously by considering a 
60% transmittance through the atmospheric cloud cover [1]. If 0.1% of the 
total solar energy could be converted to electricity with an efficiency of 
10%, it would provide a resource base of 105 TW which is approximate 3.5 
times the world’s total generating capacity of about 3TW [2]. Moreover, 
unlike fossil fuel, solar energy is clean and can be supplied without any 
environmental pollution [3]. Despite of this, electricity from solar energy 
currently only share less than 1% of the world’s power consumption by the 
end of 2014 [4]. Due to the inherent shortcomings of the solar energy, e.g. 
dilute radiation (only about 1 kW per square meter), intermittent (available 
only during day-time, and influenced by the local weather, such as clouds, 
fog, etc), and unequally distribution (mostly between 30° north and 30° 
south latitude on the surface of the earth), the investment cost per kW is 
still at a relatively high level, which is the key barrier for the large scale 
solar energy application [5]. 

Photovoltaics (PV) and concentrating solar power (CSP) are two main 
stream categories of devices utilized for solar power generation [6]. The PV 
technology uses the photoelectric effect of semiconductor materials to 
generate electricity directly [6]. In the past ten years, the PV industry has 
experienced a successful explosive growth period, due to the falling cost of 
PV systems. The total capacity has increased almost 70 times, from 2.6 GW 
(start of 2004) to 177 GW (end of 2014) [4]. However, the intermittent 
nature of the solar radiation is becoming a big challenge for electricity grid 
stability with the increased solar share in the grid-connected power sources, 
because no cheap electrical energy storage method appears on the horizon 
[7][8].  
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Unlike the PV technology, the CSP technologies use combinations of 
mirrors or lenses to concentrate direct beam solar radiation to produce 
forms of useful energy such as heat, electricity or fuels by various 
downstream technologies [9]. With the help of the thermal energy storage 
technologies (TES) and the solar-fuel hybrid technologies, a relatively 
stable power output can be obtained in a cheaper way compared with 
electrical energy storage [10]. Moreover, the exhaust heat of the CSP 
systems can also be used efficiently for heat driven processes such as 
desalination, cooling and drying [11]. Hence, CSP technology will have a 
great potential in large scale solar utilization and can become a success 
story similar as the PV technology in the past 10 years. 

 

1.2 Hybrid dish-Brayton system 

Solar dish CSP systems use paraboloidal mirrors for tracking the sun and 
focusing solar energy into a receiver where it is absorbed and transferred to 
a heat engine/generator or else into a heat transfer fluid that is transported 
to a ground-based plant [9], and a typical dish system is shown in Figure 
1.1. Compared with other CSP technologies (parabolic trough, linear 
Fresnel and power tower), the solar dish system can offer a higher 
efficiency and a modular, scalable design [1]. Hence, solar dish systems 
could be very suitable for the applications of remote power supply, grid–
connected power in developing countries, water pumping, and end-of-line 
power conditioning [12].  

In traditional solar dish systems, Stirling engines are the first choice for the 
power conversion unit (PCU) due to their high thermal-to-mechanical 
efficiency, quiet operation, and flexible power requirement [13]. 
Nevertheless, a high efficiency is only obtained when the working fluid 
pressure is kept on a designed high level. For most Stirling engines, high 
pressurized hydrogen and helium are used as the working fluid. In order to 
obtain high efficiency, the Stirling engines are usually designed for 
working under high peak pressure (>15 MPa) and high temperature (>650 
°C), so leakage through the gaps between the piston and the cylinder is 
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inevitable in a practical engine [14]–[16]. For the purpose of obtaining high 
efficiency continuously, the Stirling engine is usually connected with a high 
pressure gas bottle for gas refilling in a real dish-Stirling system which has 
increased maintenance cost. Moreover, although some projects based on 
high temperature heat pipe receivers have proven the feasibility of 
hybridizing dish Stirling units [17][18], the hybrid dish Stirling systems are 
still on the experimental stage until now, among other things due to the 
high cost of the heat pipe receivers [9]. Hence, these technical limitations of 
the Stirling engines could potentially make micro gas turbines (MGT) a 
good replacement in large scale solar dish applications in the future. 

  

Figure 1.1 10 kW EuroDish Stirling system developed by SBP [19]. 

Compared with a dish-Stirling system, a dish-Brayton system, which uses a 
micro gas turbine (MGT) as the PCU, only has air as the working fluid, so 
there is no leak problem in that sense. Integration of a combustion chamber 
can be achieved naturally in serial manner with the solar receiver and under 
hybrid operation the dish-Brayton system can obtain a stable power output 
by changing the fuel flow rapidly and flexibly according to the solar energy 
variations. Moreover, the maintenance of MGTs is significantly less costly 
than Stirling engines (at around 2%/yr of the initial equipment costs, as 
compared to 3-5%/yr for Stirling engines). The relatively high exhaust gas 
temperature of the gas turbine opens up the possibility of supplying 
additional services, such as heating, cooling and water purification, through 
the use of poly-generation technologies[20]. 
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In a typical solar hybrid dish-Brayton system, the receiver is integrated into 
the compressed air circuit of the gas turbine, and the compressed air is 
heated directly or indirectly by the absorbed solar radiation for powering a 
turbine [21]. The layout is shown in Figure 1.2. Due to the pre-heating of 
the compressed air, the fuel flow in the combustion chamber can be 
controlled rapidly, allowing the combustor to compensate for rapid 
variations in the solar heat input and thus to maintain stable operation of the 
gas-turbine [22]. Moreover, in traditional pure solar dish systems (most are 
dish Stirling systems), the dish size and the engine capacity need to be well 
matched based on the local direct normal irradiance (DNI) data and the 
system efficiency, however, the ‘matching’ work will largely limit the solar 
dish system in large scale application. Hybrid systems on the other hand 
can always be designed based on the  maximum DNI level, which can help 
to avoid the ‘matching’ work of the engine and the dish by changing the 
fuel input rate, simplifying the design procedure [23]. Another advantage of 
these solar hybrid-dish Brayton systems is that a dish-Brayton systems’ 
array can be combined with a central Rankine cycle, such that a higher 
thermal-to-electric net annual average conversion efficiency can be 
obtained compared with any other single cycle CSP systems. In conclusion, 
the hybrid dish-Brayton technology has a great potential to reduce the costs 
of solar dish systems further [24] and therefore, these hybrid solar dish 
systems can have a bright future in large scale solar dish applications. 

 

Figure 1.2 Layout of a typical solar hybrid dish-Brayton system. 
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1.3 Cavity receiver 

In a typical hybrid dish-Brayton system, the point-focusing solar receiver is 
one of the limiting components, where the concentrated solar irradiation is 
absorbed, converted into heat and carried away by the working fluid. In 
order to meet the temperature and pressure requirement of a typical gas 
turbine for obtaining a reasonable efficiency, the receivers need to be 
designed with a capability to work under high temperature (1000-1600 K) 
and high pressure (3-30 bar) over a long period. 

In the past decades, various solar air receiver concepts have been developed 
for enhancing the performance of the solar Brayton system [25]–[39]. 
Generally, point-focusing air receiver designs for Brayton cycle application 
can be classified into two categories by their structural characteristics: 
direct-irradiation and indirect-irradiation receiver concepts [40]. A direct-
irradiation solar receiver is usually designed with a quartz glass window 
and a volumetric absorber which is used for directly absorbing solar 
irradiation and exchanging the heat with the working fluid. Direct-
irradiation receivers can offer relatively high thermal efficiencies as well as 
high outlet air temperatures at high enough operating pressures, meeting the 
requirements of most gas turbines. However, the quartz glass windows are 
problematic components in this design since they must be thin for 
minimum optical loss, but strong enough to work safely at high temperature 
and pressure [40]–[42]. Since the quartz window works under high-flux 
solar irradiation, any impurities and micro bubbles in the quartz will be 
extremely harmful and significantly affect the life-time of the windows. 
When a volumetric receiver serves in a real dish system, its windows 
should constantly be kept clean and clear from dust which causes 
maintenance difficulties. Moreover, due to the absorber material and 
manufacturing problems, there is still no commercially available volumetric 
receiver that can reach its desired level of efficiency [43]. Indirect-
irradiation receivers are usually designed as opaque heat exchangers, where 
the concentrated solar irradiation is absorbed and transferred to the working 
fluid by conduction through the absorber wall. These receivers can be 
designed without quartz glass windows avoiding the disadvantages of them.  
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Cavity receivers are one of the most widely used indirect-irradiation 
receivers for high temperature point-focusing solar system, and they have a 
great potential in solar Brayton systems [26], [40]. In this cavity receiver 
design, the cavity wall works as an absorber where both the peak 
temperature and peak temperature gradient are located. Therefore, it is 
considered as the most critical component. In the past 30 years, with the 
continuous experimental and theoretical research, there has been a 
significant progress in the performance of the cavity receivers, both in 
allowable incident flux level and operating temperature [35], [44], [45]. 
However, most of previous research work conducted on cavity receivers is 
only focused on the cavity geometrical optimization, for achieving a 
relatively uniform light flux distribution or reducing the natural-convection 
heat loss from the receiver aperture [46]–[51]. The research on the heat 
transfer enhancement and optimization between the inside cavity wall 
surface and the working fluid is very limit. Moreover, the published data 
shows that the cavity receivers still work with relatively high temperature 
peaks on the absorber surfaces as well as high temperature differences 
between the absorber surfaces and the working fluid [26], [52]. Considering 
the intrinsic limitation of the material (both the allowable working 
temperature and the long-term durability of the material), the receiver 
performance will be greatly affected by the temperature peak and the 
temperature uniformity on the absorber surface. Hence, a uniform 
temperature distribution on the absorber surface is considered as one of the 
most important objectives for a cavity receiver design. Since the absorber 
surface temperature distribution is the combined result of the light flux 
distribution on the absorber surface and the heat transfer coefficient 
distribution on working fluid side of the wall, a uniform solar flux 
distribution can’t guarantee a uniform temperature distribution. In the 
future, both light flux distribution on the absorber surface and the heat 
transfer coefficient distribution on the working fluid side of the wall need to 
be well considered during a cavity receiver design procedure. 
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2 Objectives and methodology 
 

2.1 Objectives of this work 

The overall objective of the work is to develop, validate and demonstrate a 
novel solar cavity air receiver without glass window for a dish-Brayton 
system. The detailed objectives of the receiver design are listed as follows: 

• In order to obtain high micro gas turbine and overall system 
efficiency, the turbine inlet temperature should be at least 800 °C. 
Hence, the receiver shall obtain an outlet air temperature above 800 
°C. 

• In modern cavity receiver designs, the thermal efficiency, which is 
defined as the ratio between the heat taken up by the working fluid 
and the absorbed solar irradiation, can reach 75%. In this receiver 
design, the thermal efficiency should be at least 75%. 

• The micro gas turbine efficiency decreases almost linearly with the 
increase of pressure losses. For the receiver design, the lower 
pressure drop, the better. Hence, a maximum 3% pressure drop is 
defined as the target for the receiver design. 

• High local temperature differences on the absorber surface will 
cause local thermos-mechanical strain and limit the maximum 
working temperature of the receiver. As a target, the temperature 
difference on the absorber surface in this receiver design should be 
lower than 200 K, which is half to the published data in traditional 
receiver designs. 

 

2.2 Methodology 

In order to achieve the objectives of this work, the following methodology 
has been applied by the author: 
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• In order to overcome the problems in traditional receiver designs, a 
novel impinging receiver concept, using impingement jet cooling 
technology for managing the temperature in the peak flux region, is 
developed for obtaining a relative uniform and controlled surface 
temperature. 

• A novel inverse design method, which is based on a combination of 
a ray-tracing model and a heat transfer analytical model, is 
developed as a pre-process tool for quickly selecting possible 
impinging receiver designs before detailed numerical and 
experimental studies.  

• A numerical conjugate heat transfer model combined with a ray-
tracing model, based on the boundary conditions of the micro gas 
turbine and the EuroDish system, is used for studying the detailed 
thermal performance of an impinging receiver and validating the 
inverse design method. 

• A novel 84 kWe high flux solar simulator, which is based on an 
array of 12 commercially available xenon-arc lamps (each 7 kWe) 
coupled with silicone-on-glass Fresnel lenses as the optical 
concentrator, is developed as the main receiver testing rig. 

• A prototype impinging receiver is finally manufactured and tested 
with the help of the high flux solar simulator to prove and 
demonstrate the concept.  
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3 Impinging receiver concept  
 

3.1 Problems in traditional cavity receivers  

In traditional air cavity receiver designs, as shown in Figure 3.1, the heat on 
the absorber wall is carried away by forced convection heat transfer (the 
heat taken by re-radiation heat transfer would be finally transferred to the 
air by the convection from another solid surface). With a cavity absorber 
structure, the concentrated solar irradiation can be efficiently absorbed by 
multi-reflection inside the cavity. Moreover, the whole structure is simple 
and compact which is very important for manufacturing and assembling. 
Hence, this kind of cavity receiver design is perfectly suited for solar dish-
Brayton systems. However, there are still three significant disadvantages of 
these cavity receiver designs which greatly limit their performance. Firstly, 
due to the low heat conductivity of the air, the convection heat transfer 
between the cavity wall and the working fluid is relatively low. In order to 
enhance the convection heat transfer, various complicated fin structures 
have been widely used in traditional cavity receiver designs. Secondly, 
large cavity sizes have been chosen in order to reduce the solar flux level 
on the cylindrical wall, and expensive high temperature ceramic materials 
have been used for increasing the absorber allowable working temperature. 
Thirdly, due to the simple geometry and manufacturing, the cylindrical 
cavity shape is the first choice in existing cavity receiver designs. When a 
cylindrical cavity is combined with a parabolic dish collector, the flux 
distribution on the cylindrical wall features with a significant peak which is 
difficult to mitigate in terms of peak temperature distribution by forced 
convection heat transfer [26], [51], [52]. Therefore, in order to reduce the 
impacts of the flux peak to the uniformity of the temperature distribution on 
the cylindrical cavity surface in traditional cavity receiver designs, new 
heat transfer designs should be introduced based on the flux distribution on 
the cylindrical surface. 
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Figure 3.1 Traditional air cavity receivers: (A) with ceramic externally fins to 
enhance heat transfer. Image extracted from [26]; (B) with reticulate porous 

ceramic (RPC) foam to enhance heat transfer. Image extracted from [53]. 

 

3.2 Impinging cooling technology 

Impinging jets are a highly efficient heat transfer technology that uses fluid 
jets impinging on a surface for heating up or cooling down material. The 
flow structure of a typical round nozzle impinging jet is shown in Figure 
3.2. These impinging jet cooling technologies are widely used where high 
heat transfer rates are required, such as power electronic cooling, material 
quenching processes and gas turbine blade cooling [54]–[56]. At a given 
maximum flow speed, the jet impingement can produce a heat transfer 
coefficient up to three times higher than conventional convection cooling 
by confined flow parallel to the cooled surface. With the same level of heat 
transfer coefficient for cooling, jet impingement requires two orders of 
magnitude smaller flow rates than required for a free wall-parallel flow 
[57]. For a single round nozzle impinging jet, the local Nu  number 
distribution appears as a ‘bell’ shape: one or two peaks in the center, and 
the local Nu  number decreases with the distance from the center [58]. 
Moreover, multiple jets’ may be applied if a large cooling or heating area 
needs to be covered. In conclusion, impinging jets cooling technology is an 
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ideal technology for cooling a cylindrical absorber surface of a cavity 
receiver where the heat flux is featured by a distinct peak.  

 

Figure 3.2 Schematic of different flow regime regions for a round impinging jet 
[59]. 

 

3.3 Impinging receiver concept 

Impinging heat transfer was first introduced theoretically in solar air 
receiver design in 1970s by P. Jarvinen [25], however, there seems to be 
only few new contributions in the following almost 40 years. In this thesis 
work, impinging heat transfer technology is again introduced in air cavity 
receiver design in order to enhance the heat transfer on the working fluid 
side and mitigate the temperature inhomogeneity. A typical impinging 
receiver structure with a cylindrical cavity shape is shown in Figure 3.3. In 
this impinging receiver design, the orifice nozzles are distributed evenly 
around the cylindrical wall above the peak flux region for controlling the 
temperature within a low level. Hence, the nozzle array position in axis 
direction is depended on the flux peak position on the wall surface. The 
compressed flow firstly enters into the plenum, then the flow is lead 
through the evenly distributed nozzles and impinges directly on the cavity 
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wall for taking up the absorbed heat, and finally the flow exits the receiver 
through the annulus ducts. 

 

Figure 3.3 Schematic of an impinging receiver with 12 nozzles. 
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4 Boundary conditions and Ray-tracing 
model 

 

In a typical solar receiver design, the mass flow, the pressure, the inlet 
temperature and the total thermal power boundary conditions are coming 
from the engine and the radiative boundary condition is coming from the 
dish collector. Normally, the total power supplied by the dish at a design 
DNI level should be sufficient for the thermal power requirement of the 
engine at the design conditions. The dish size is directly related to the 
design DNI level and the total thermal power requirement from the engine. 
Therefore, before the receiver design procedure, a design DNI level should 
be defined for the power matching study of the dish and engine. 

 

4.1 Power matching of the dish and the MGT 

This thesis is in part work of the European FP7 project: OMSoP. The 
research and development aims to provide and demonstrate technical 
solutions for the use of state-of-the-art concentrated solar power systems 
(CSP) coupled to micro-gas turbines (MGT) to produce electricity. The 
intended system shall be modular and capable of producing electricity in 
the range of 3-10 kW.  

In this project, the MGT is developed based on the design parameters of a 5 
kWe Compower® MGT, as shown in Figure 4.1, and this engine provides 
the thermal boundary condition for the receiver design. The main design 
parameters of the Compower® MGT are listed in Table 4.1. For the receiver 
design 0.1 kg/s of inlet mass-flow, 300 kPa working pressure and 500 °C 
inlet temperature are chosen for the receiver, meeting the requirements of 
the MGT [60]. Furthermore, a 3% pressure drop is chosen as the maximum 
allowable for the receiver design, as the efficiency of the MGT decreases 
significantly with further increasing pressure drop. 
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As the dish design process started at the same time as the receiver design, 
for the first design loop, the radiation boundary conditions for the receiver 
design needed to be based on an existing and matching dish system. One 
available dish systems is the EuroDish which was developed by Schlaich 
Bergermann und Partner between 1998 and 2001[61]. Experimental testing 
shows that the thermal power into the Stirling engine of the EuroDish 
system is 31.63 kW at a Direct Normal Irradiance (DNI) level of 906 W/m2 
[19]. Approximately 27.93 kW thermal power can be obtained if the DNI 
level is reduced to 800 W/m2. Considering that the required input thermal 
power of the Compower® MGT is between 28 and 32 kW, the EuroDish 
system perfectly matches with the MGT requirements.  

 

Figure 4.1 Photo and layout of the Compower® micro gas turbine. 

Table 4.1 Main parameters of the MGT 

Design parameters Value Unit 

Compressor pressure (Absolute) 3 bar 

Norminal speed 160,000 rpm 

Thermal input 31.25 kW 

Electrical output 5 kW 

Inlet air mass flow 0.1 kg/s 
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Temperature after recuperator 500 °C 

Turbine inlet temperature 800 °C 

In commercial CSP plant designs, a typical design DNI is somewhere 
between 800 and 950 W/m2, depending on the location [9], [24]. Usually, a 
higher design DNI can lead to longer time spans that the engine works 
under low load conditions, which in turn increases the investment cost of 
the engine. For most sunny areas over the world, 800 W/m2 can be 
considered a suitable design DNI level from an economic point of view for 
most time in a year. However, considering peak flux and the security 
margin for long time operation, 1000 W/m2 is selected instead as the design 
radiation boundary condition for the impinging receiver design. 

 

4.2 Non-sequential ray tracing technology 

In order to introduce a relevant representation of the radiative boundary 
conditions from the Eurodish system in the design process of the cavity 
receiver, a commercial non-sequential ray tracing software FRED® was 
used as the main tool for predicting the concentrated solar radiative flux 
distribution. The ray tracing model will trace the rays from the source (the 
sun) via the reflection from the dish to the cavity wall of the receiver and 
can then be used as representation of the real radiation heat flux boundary 
condition for the receiver design. The FRED model allows rays to 
encounter surfaces in any order and any number of times with automatic 
ray splitting, and allows rays to scatter and interact with system 
components [62]. In a typical FRED ray tracing process, the light source is 
discretized into rays, each ray with the same amount of radiative energy, 
meaning that higher intensity areas would have more rays. A hierarchical 
ray-trace search algorithm is used for searching the geometry nodes 
(bounding box or surface), starting with a parent node and then working 
down through the children, grandchildren, etc. until all the progeny nodes 
have been searched. When an incident ray intersects a surface, it is 
automatically split into a refracted ray and a reflected ray (several rays for 
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scattering model). The energy distribution among the different rays depends 
on the absorptivity, reflectivity and transmissivity of the material. The 
target is also discretized and the area average flux is used for the divisions 
instead of the local light flux of the division center points. 

 

Figure 4.2 Ray-tracing model of the dish system. 

 

4.3 Surface slope error 

Due to the limitations of manufacturing and installation accuracy of mirrors 
in a real dish systems such as the Eurodish, there will be a certain surface 
slope error for a given parabolic dish which is a factor, besides the surface 
reflection, proven to have a significant influence on the efficiency of the 
dish [63]. The surface slope error is defined as the standard deviation 
distribution of the cone angle θ  from the normal of an ideal surface to the 
normal of the real reflector surface [49][64], as shown in Figure 4.3. 
Considering the deviation angle is at mrad level, i.e. very small, a statistical 
surface slope error model is developed for the ray-tracing model based on 
the Johnston’s Gaussian distribution equation [65] instead of a real surface.  

22 2
2
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d
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e σθ

σ
θ

θ
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where eP  is the probability of the error, and sσ  is the standard deviation of 
θ .  

 

Figure 4.3 The deviation of the real and ideal normal of parabolic dish surface, due 
to the surface slope error. 

 

4.4 Model validation 

A group of experimental data, measured by G. Johnston [65], is used for 
validating the slope error distribution of the present ray-tracing model. As 
depicted in Figure 4.4, the Gaussian distribution with a 3.5 mrad standard 
deviation is quite close to the reference experimental data, which means 
that the real probability distribution of the slope error appears an 
approximate Gaussian distribution. Hence, Equation (4.1) is applied as the 
surface slope model for the whole ray tracing work in this thesis work. 
Furthermore, a EuroDish model with uniform surface slope error 
distribution is developed for simplifying the receiver radiative boundary 
condition. Based on the measured slope error distribution map of the 
EuroDish system installed in Odeillo, France, the slope errors in most area 
of the dish are within 2 mrad [66]. Hence, a serial of standard deviations 
near 2 mrad for the EuroDish model are studied, and their flux distributions 
on the focal planes are compared with the experimental flux distribution, as 
depicted in Figure 4.5. The results show that the flux distribution of the 2 
mrad surface slope error model is closest to the experimental data with 
maximum 10% deviation at the position of -25 mm to the center. Therefore, 
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it is chosen for the radiative boundary study in the next receiver heat 
transfer model.  

 

Figure 4.4 Comparison of the measured surface slope error distribution and the 
Gaussian distribution with a standard deviation of 3.5 mrad [65]. 

 

Figure 4.5 Effect of surface slope error for flux distributions at the focal plane of an 
ideal parabolic dish based on the parameter of EuroDish. 
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4.5 Cavity material 

In traditional receiver designs, SiC ceramics and Inconel super alloys are 
the two most widely used high temperature materials due to their high 
stability against thermal shock, oxidation and mechanical loads at high 
temperatures. For absorber temperature T < 1000 °C, e.g. receivers for dish 
Stirling systems, Inconel alloys are preferred as the absorber material, due 
to their high strength at relatively high temperatures; At T > 1000 °C, SiC 
based ceramics have to be used, e.g. sintered α-SiC (SSiC) [67]. Since the 
requirement of the outlet air temperature reaches 800 °C, the absorber 
temperature would be higher than 1000 °C. Hence, other advanced high 
temperature alloys, austenitic stainless steel 253 MA and Haynes 214, are 
also considered in this work. Table 4.2 shows selected average properties of 
the candidate high temperature materials used for the construction of solar 
cavity receivers. Compared to alloy materials, ceramic materials can work 
under a much higher peak temperature. However, due to their brittle and 
hard characteristics, it is difficult and expensive to manufacture a large size 
SSiC component in high precision. In the alloy materials, austenitic 
stainless steel 253 MA and Haynes 214 are better suited than Inconel for 
absorber design. Moreover, the properties of these two materials are very 
similar, so 253MA is selected for detail study in this thesis work due to its 
good weldability. 

Table 4.2 Thermal properties of selected candidate materials for solar receiver 
design. 

Property SSiC Inconel 253 MA Haynes 214 

Characteristics brittle ductile ductile ductile 

Maximum working 
temperature 

1600 982 1150 1260 

Emissivity 0.9a 0.9b 0.8b 0.8b 

Heat conductivity 113-25c 13-28d 13-29e 12-36.7f 

aRef.  [68]; bRef. [69]; cRef. [70]; dRef. [71] ; eRef. [72]; fRef. [73].  
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5 Inverse design method 
 

5.1 The workflow 

In previous solar receiver design procedures, computational fluid dynamics 
(CFD) methods are the main methods for obtaining the detailed temperature 
distribution in the absorber material in order to judge the validity of single 
receiver design concepts. However, these numerical methods are usually 
costly in time and computer resources, especially when applied as highly 
resolved models for detailed heat transfer analyses. In order to quickly find 
a range of possible cavity receiver designs with defined target peak 
temperature and relatively uniform surface temperature before the detailed 
CFD study procedure, a new inverse design method (IDM) is developed 
based on a combination of a ray-tracing model and a heat transfer analytical 
model.  

The workflow of this IDM is shown in Figure 5.1. In this design process, a 
uniform cavity surface temperature is input as the design target, and the 
parameters of the dish collector and the MGT are input as the other needed 
boundary conditions. First, a cavity receiver geometry design including 
impinging jet distribution is estimated based on the parameters of the dish 
collector and the MGT. Then a ray tracing model is applied to obtain the 
radiative boundary condition for the receiver which serves as the heat flux 
boundary condition input to the heat transfer model described below. 
Together with the input of the uniform surface temperature boundary 
condition on the cavity surface, the required total heat transfer coefficient 
distribution can be obtained. Different impinging jet arrangements are 
designed based on the mass flow, input pressure and input temperature 
boundary conditions of the MGT. Finally, heat transfer coefficient 
distribution curves of the different impinging jet arrangements are 
compared with the required total heat transfer coefficient distribution curve. 
If there is more than one curve that can meet the heat transfer coefficient 
requirements and the pressure drop within 3%, the design loop is ended. 
Otherwise, the receiver geometry needs to be changed or the uniform 
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surface temperature level needs be reduced. For an experienced designer, 
the receiver geometry can be changed directly if the radiative boundary 
condition is not very reasonable. 

 

Figure 5.1 Workflow of the inverse design method. 
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5.2 Heat transfer model 

A 2D axisymmetric steady state heat transfer model for a cylindrical cavity 
receiver is developed and simplified based on the assumptions as follows: 

(1) Receiver is well insulated; 
(2) Absorber wall is thin; 
(3) Working fluid is transparent;  
(4) Uniform temperature distribution on the absorber surface; 
(5) The ambient is considered as black body in the radiative heat 

transfer calculation; 
(6) Diffuse absorber surface; 

In the radial direction, a 1D energy balance model is applied between the 
working fluid in the annulus duct and the ambient, as shown in Figure 5.2. 
The energy conservation equations for the absorber inner surface ‘2’, outer 
surface ‘3’ and the receiver surface for receiver wall ‘4’ are obtained by 
following:  

121223 convradcondsolar qqqq ′+′+′=′   (5.1) 

343523 radconvcond qqq ′+′=′   (5.2) 

4534 convrad qq ′=′   (5.3) 

where q′ is the heat flux per unit length in axial direction. The subscripts: 
‘solar’ is the absorbed solar irradiation, ‘cond’ means conduction,  ‘rad’ is 
radiation, ‘conv’ is convection and the numbers stand for different names of 
analysis objects, as shown in Figure 4.2. Considering the combination of 
the Equation (5.2) and (5.3), all heat energy transferred by conduction from 
surface ‘2’ to ‘3’ is finally absorbed by the working fluid. Hence, a total 
heat transfer coefficient 35toth  and a total absorption heat flux 35totq′  by the 
working fluid can be used instead of the convection and radiation heat 
transfer among the surface ‘3’, ‘4’  and the working fluid.  
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Figure 5.2 One-dimensional energy balance model for an impinging receiver: (A) 
schematic of the heat flow; (B) thermal resistant circuit. 

In a high temperature receiver, the radiation heat loss will take the major 
share in total heat losses. Published experimental results show that the 
radiation heat loss is 2.6 times the heat losses caused by natural convection 
when the absorber temperature is 850 °C. Since the radiation heat transfer 
increases much faster than the natural convection with the increase of the 
temperature, it can be predicted that the radiation heat loss will play a more 
important role than the natural convection heat loss when the absorber wall 
temperature reaches 1000-1100 °C. By using Paitoonsurikarn’s correlation 
[74], the natural convection heat loss of a typical working condition (a 
cavity temperature of 1100 °C and a tilt angle of 45°) can be estimated to 
be 1050 W while the heat loss through the radiation is approximate 6300 
W. Therefore, the natural convection heat loss is neglected in this study. 
Another benefit of neglecting of the natural convection heat loss is that the 
final designed wall temperature would be higher than the real working 
condition. Hence, the design is relatively conservative for the receiver 
mechanical integrity.  
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Based on the uniform cavity surface temperature assumption, the radiation 
heat transfer between different parts of the cavity surface can be neglected. 
Therefore, in this cavity receiver design, only the radiation between the 
cavity wall and the ambient is taken into consideration. As shown Figure 
5.3, the view factor and the radiative heat transfer from a differential ring 
element on the cylindrical surface to a circular disk at the end of cylinder 
can be calculated by the following equation:  

( )
( ) 1,222
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22

1,2
12

12 11 d
d

rad
rad F

TTDq
dx

qdq
+−
−

===′
εε

σπ



  (5.4) 

where 1,2dq  is the radiative heat transfer from the differential ring element 

and the ambient, σ  is the Stephan-Boltzmann constant, 2ε  is the emissivity 
of the surface ‘2’, x  is the distance from the ring element to the aperture, 

1,2dF  is the view factor from the ring element to the aperture, and it can be 
obtained by the following equation [75]: 









−

−
= 1

42 221,2
RX

XZFd  (5.5) 

where:  221 RZX ++= , 2/2 DxZ = , 21 / DDR =  

Due to the low heat conductivity, even a very small wall thickness can 
cause a significant temperature difference between the two surfaces of the 
cavity wall. It can be predicted by: 

)/ln(/)(2 233223 DDTTkq scond −=′ π  (5.6) 

where sk  is the thermal conductivity of the wall, 2D  and 3D are the 
diameter of the surface ‘2’ and ‘3’, 2T  and 3T  are the temperatures of the 
surface ‘2’ and ‘3’.   
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Figure 5.3 Schematic for the view factor calculation between the absorber surface 
and the ambient. 

 

5.3 Heat transfer characteristics of the impinging cooling 
technology 

There are several correlations and equations provided for predicting the 
heat transfer coefficient distribution of an impinging jet on a flat surface 
published during the past 50 years [57], [76], [77], but there is a quite 
limited number of correlations for prediction the heat transfer coefficient 
distribution of an impinging jet on a convex surface. The research shows 
that the values of Nusselt number for the convex surface are approximately 
6-12% higher than those for the flat surface with the same Reynolds 
numbers [78]. Consequently, the correlation for the flat surface used in this 
study is a conservative estimation, which is important for the mechanical 
integrity of the receiver. Hence, a correlation developed by Hofmann for 
flat surfaces is used [77], due to its large valid range and simple form. 

( ) 2)/(025.042.025.023 PrRe10Re055.0 dr
loc eNu −+=  (5.7) 

which is valid in the range of: 

230000Re14000 << , 80 ≤≤ dr , 105.0 ≤≤ dH ;  

where d  is the nozzle diameter, r  is the distance from the local position to 
the stagnation point and H  is the nozzle-target space; and the Reynolds 
number: 
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νdV jet=Re  (5.8) 

( )24 dnmV jet πρ=  (5.9) 

where jetV  is the velocity at the exit of the nozzle, ν  is the kinematic 

viscosity and m  is the mass flow, n  is the total nozzle number, and ρ  is 
the air density. In this study, the Reynolds number is estimated to be in the 
range of 2×104 level, which is much larger than 10. Hence, the lower order 

term ( 2Re10 ) in the Equation (5.7) can be neglected, and the equation can 
be simplified as: 

2)/(025.042.075.0 PrRe055.0 dr
loc eNu −=  (5.10) 

Hence, the heat transfer coefficient at the stagnation point can be obtained: 

75.175.0

42.075.0

00 )(
Pr156.0

/
dn

mk
dkNuh wf

wf πρν


==  (5.11) 

where 0Nu  is the Nusselt number at the stagnation point where r=0, and 

wfk  is the thermal conductivity of the working fluid. 

 

5.4 Multi-row nozzle arrangement  

The jet pitch jetp , which is the center-to-center curvilinear distance in this 

study, is the key parameter in determining the tangential jet interaction 
[57]. The jet interaction is negligible for 8/ >dp jet  and 2/ >dH , but the 

undesired interference will increase as dp jet / and dH /  decrease from 

these values [57]. Hence, as shown in Figure 5.4, the nozzle distribution in 
the circumferential direction should first meet the jet pitch requirement. 
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( ) 822 ≥+= ndtDjdp jet π  (5.12) 

where 2D  is the cavity diameter, t  is the wall thickness, and j  is the 
nozzle row number in axial direction. 

 

Figure 5.4 Schematic for the jet pitch jetp  and the heat transfer coefficient at the 

middle region midh . 

Since the local Nusselt number decreases with the increase of the distance 
from the center, the heat transfer ‘valleys’ will be located at the middle 
region between two neighbor jets (even though the ‘fountain’ phenomenon 
will enhance the heat transfer coefficient in a real case). In order to reach 
the required wall temperature, the heat transfer coefficient at the middle 
region in the circumferential direction midh , as shown in Figure 5.4, should 
be higher than the required heat transfer coefficient peak max,reqh  which is 
obtained by IDM.  

2)(025.0
0

ds
mid

midehh −=  (5.13) 

where mids  is the half center-to-center curvilinear distance. Hence, the 
minimum heat transfer requirement in the circumferential direction can be 
expressed as follows: 
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The pressure drop is another important parameter that needs to be 
considered during the impinging receiver design. Normally, the local 
Nusselt number increases as the Reynolds number or the jet exit velocity 
increases. However, high heat transfer performance is not for free. The 
pressure drop will increase even faster, and affect the gas turbine efficiency. 
In the present case, a maximum 3% of PP /∆  value is defined for avoiding 
significant influence on the gas turbine efficiency. The pressure drop 
caused by the flow passing through a round orifice nozzle can be calculated 
as: 

( )
2

2

2

42
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d

jet

d

djet
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V
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V

P
ρβρ

=
−

=∆  (5.15) 

where ρ  is the density of the fluid, dβ  is the diameter ratio between the 
nozzle and the plenum (which is negligible in this study), dC  is the 
discharge coefficient of the nozzle which is dependent on nozzle 
configuration. For a rounded-entry orifice nozzle, 0.8 can be used as the 
discharge coefficient. Hence, the pressure drop requirement of the 
impinging receiver design can be expressed as follows: 

( )PCmnd d ρπ 06.042 ≥  (5.16) 

Together, equation (5.12), (5.14) and (5.16) are the governing equations 
of the IDM. With the input of the maximum required total heat transfer 
coefficient max,reqh , available impinging design candidates can be quickly 
sorted out by combining the three control equations. 

 

5.5 Implementation of the new design method for two 
impinging receiver designs 

In order to show the details of the IDM and the difference of the procedures 
with or without multi-row nozzle arrangement, two impinging receiver 
designs have been studied. In the design procedure of the receiver based on 
SSiC, an original IDM is used without introducing multi-row nozzle 
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arrangements [79]. A modified IDM, which is described in this chapter and 
with multi-row nozzle arrangement control equations, is used for designing 
the receiver based on austenitic stainless steel 253 MA material. All the 
cases in this study are named by their cavity diameter (D), cavity length 
(L), wall thickness (t), nozzle diameter (d), nozzle number (n) and row 
number (j), e.g. D320L350t3d10n12j1. The unit of the geometry 
dimensions here are in mm. 

 

5.5.1 Receiver based on SSiC ceramic material 

5.5.1.1 Aperture diameter 

A pre-selection of SSiC based impinging receivers with different cavity 
diameters 2D  (200 mm, 220 mm and 240 mm) and length L  (250 mm, 300 
mm and 350 mm) is firstly performed with the help of the ray-tracing 
model. In the results of all nine cases, there is no significant change in the 
total solar energy absorbed by the cavity with different 2D  and L , which 
means that a cavity with a diameter of 200 mm can receive almost the 
whole concentrated solar irradiation collected by the dish. The total 
collector optical efficiencies are in the range of %2.089± . The results are 
very close to the published experimental results [19]. Therefore, 200 mm is 
used as the aperture diameter for all receiver designs mentioned in this 
thesis.  

 

5.5.1.2 Concentrated solar radiative flux distribution  

The percentage of the total absorbed solar irradiation on the cylindrical 
surface and the bottom is depicted in Figure 5.5. The major absorbed solar 
energy is located on the cylindrical surface, and the percentage increases as 
the cavity diameter decreases or the cavity length increases. Since the 
impinging nozzles are arranged around the cylindrical surface, the more 
radiative power is located on the cylindrical surface the better and vice 
versa for designing nozzles on the bottom.  
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Figure 5.5 The percentage of total radiative energy absorbed by cylindrical surface. 

The absorbed solar radiative flux distributions are shown in Figure 5.6, the 
peak flux on the cylindrical surface decreases and the position moves 
towards the bottom side (110 mm, 120 mm and 130 mm) with the increase 
of the cavity diameter, but with no significant dependence on the cavity 
length. For the distribution of solar radiative flux on the bottom surface, 
there is no significant peak, but the flux level decrease with the increase of 
cavity length. Since the impinging jets will be designed on the cylindrical 
wall in this case and the flux level on the bottom can be easily reduced by 
extending the cavity length, a cavity length with 300 mm is preliminary 
chosen for the study and it will be extended if high temperature region is 
detected on the bottom after the detailed CFD study.  

 

Figure 5.6 Radiative flux distribution on the absorber surface (DNI=1000 W/m2): 
(A) on the cylindrical surface; (B) the flat bottom. 

250 300 350
76

78

80

82

84

86

88

90

92

Cavity Length (mm)

P
er

ce
nt

 (%
)

 

 

D2=200 mm
D2=220 mm

D2=240 mm



Doctoral thesis / Wujun Wang 

 

31 

 

5.5.1.3 Required total heat transfer coefficient distribution 

The required heat transfer coefficients to meet the radiative solar flux are 
calculated based on the analytical expressions introduced above aiming for 
a uniform target temperature on the absorber cavity wall. According to the 
Equation (5.1), the required total heat transfer coefficient for taking away 
all the heat transferred by conduction will appear a similar distribution 
shape as the radiative thermal load axial distribution, as shown in Figure 
5.7. The appearance of negative local heat transfer coefficient at the area 
near the aperture shall not be interpreted as physical real heat transfer rates, 
but means that the absorbed solar radiative power is not sufficient to keep 
the surface above the design temperature. The locations of the peak heat 
transfer coefficients at 110 mm, 120 mm and 130 mm are the same as the 
distribution of the radiative flux distribution, but the variation of the values 
at the peaks are more sensitive to the change of the cavity diameters. When 
keeping the cavity surface temperature at 1473 K, the required total peak 
heat transfer coefficients for 200 mm and 240 mm cavities are 1216.8 
W/(m2·K) and 712.3 W/(m2·K). There is a 41.5% reduction in the required 
total heat transfer coefficient when the cavity diameter is changing from 
200 mm to 240 mm, compared with only a 23.7% reduction in the radiative 
flux, as shown in Figure 5.7 (A). 

 

Figure 5.7 The required total heat transfer coefficient distribution on the cylinder 
surface: (A) different diameters with a same controlling cylinder surface 

temperature T2=1473 K; (B) different controlling cylinder surface temperatures on 
a same cylinder with D2=220 mm, L=300 mm. 
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The target cavity surface temperature is of course another important factor 
that will influence the required total heat transfer coefficient on the 
cylindrical wall. For a given cooling air temperature and solar heat load, 
higher cavity surface temperature means higher temperature difference 
between the solid surface and the fluid, and lower total heat transfer 
coefficient is required according to the Newton’s cooling law. However, 
higher surface temperatures will lead to a higher receiver heat loss which is 
caused by radiation and convection between the cavity and the ambient 
environment. Moreover, the material working temperature is one of the 
limitations of the modern receiver design, so a lower cavity surface 
temperature is helpful for extending the material selection and reducing the 
cost. Hence, keeping the surface temperature at a low level is one of the 
most important design objectives for a cavity receiver without missing the 
air exit temperature target. The results of the required total heat flux 
distribution on the cylindrical wall (D2=220 mm, L=300 mm) for three 
different surface temperature boundary conditions are shown in Figure 
5.7(B), and there is no significant change in the peak position compared to 
the radiative flux distribution. In order to reduce the surface temperature 
from 1473 K to 1273 K, a 51.5% higher heat transfer coefficient is required 
at the peak position. 

 

5.5.1.4 Impinging cooling design 

In order to design the distribution of the heat transfer coefficient along the 
circumference uniformly, a number of nozzles are distributed around the 
cylindrical surface uniformly with nozzle-plate space H=30 mm. In an 
impinging array design, the degree of jet interaction is determined by the 
pitch jetP  (center-to-center positioning of jets), and also affected by nozzle-
plate space H. There will be a significant interaction when the pitch-to-
diameter ratio 4<dPjet  and the jet interaction plays a minor role for 

8>dPjet  [57]. Based on this rule, a series of single row nozzle 

arrangements are studied for comparison, characterized by different nozzle 
diameters (d=8 mm, 10 mm, 12 mm, 15 mm) and different nozzle numbers 
(n=8, 12, 16). There is little research results available about the impact of 
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the circumferential nozzle number to the uniformity of the heat transfer 
coefficient on the cylindrical surface. However, both the results for slot 
nozzles on cylindrical convex surfaces [80] and round nozzles on 
hemispherical concave surfaces [81] show that distributing more nozzles in 
circumferential direction can help achieving a more uniform local Nusselt 
number distribution. 

The heat transfer coefficient distribution curves for different impinging 
arrangements are calculated based on the local Nusselt number 
distributions, and compared to the required total heat transfer coefficient 
curves for every case. Only the candidate curves, which may meet the 
requirements, are plotted in Figure 5.8. In general, due to the constant mass 
flow rate boundary condition, larger nozzle diameter and more nozzles 
mean lower jet exit velocity. Comparing results of cases (A), (C), (E) or 
(B), (D), (F), higher jet exit velocity is required for the lower surface 
temperature control target. It is easy to meet the requirements of the cooling 
coefficient at the peaks, but it is not sufficient in the area from 150 mm to 
250 mm, which means that the real surface temperatures will be higher than 
the design temperatures in this area. In an improved design, two rows of 
impinging jets or ribbed surfaces can be used to solve this problem. At the 
area near the aperture, the cooling effect of the impingement will keep the 
working temperature at lower level than the design temperature. This 
phenomenon is helpful in reducing the heat loss, but may lead to thermal 
stress problems. Forced convection cooling technologies equipped with fins 
or porosity structures are widely used in conventional receiver designs, and 
the heat transfer coefficient distributions are relatively uniform. Compared 
to the uniform heat transfer coefficient distribution, it is obviously that the 
heat transfer coefficient distribution offered by the impinging cooling 
technology would have a significant better performance in cooling the 
cylindrical wall as such a heat flux boundary condition features a peak. By 
analyzing all the results in Figure 5.8 and taking into consideration the 
radiation heat transfer within the receiver, it is possible to control the 
surface temperature of a 240 mm cavity receiver between 1373 K and 1473 
K. Hence, four nozzle arrangements (d8n12, d8n16, d10n12 and d10n16) 
are selected for the detailed CFD studies. 
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Figure 5.8 Different impinging design candidates for different cavity design 
parameters: (A) D=220 mm, T2=1473 K; (B) D=240 mm, T2=1473 K; (C) D=220 
mm, T2=1373 K; (D) D=240 mm, T2=1373 K; (E) D=220 mm, T2=1273 K; (F) 

D=240 mm, T2=1273 K. 
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The pressure drop results with different discharge coefficients are depicted 
in Figure 5.9. The pressure drop decreases with the increase of the nozzle 
numbers, nozzle diameters and the discharge coefficient. The pressure drop 
calculation results show that it is difficult to control the pressure drop 
below 3% for the 8 mm sharp edged nozzle ( 6.0=dC  ) arrangement, 
which also means that it is difficult to meet both the requirements from the 
MGT and the 1273K uniform surface temperature boundary condition with 
the 220 mm cavity receiver design. Thus, well designed nozzles, rounded 
inlets or plungings ( 8.0=dC or 9.0 ), are preferred in impinging receiver 
design for reducing the pressure drop. 

 

Figure 5.9 Pressure drop for different arrangements of orifices and nozzles. 

 

5.5.2 Receiver based on austenitic stainless steel 253 MA material 

5.5.2.1 Concentrated solar radiative flux distribution  

From the view of extreme operating conditions, 1000 W/m2 is first used as 
the DNI input even though it only appears for very short time during one 
year for most places on the earth. Considering that the maximum working 
temperature of the 253 MA material is lower than the SSiC ceramics, the 
design target surface temperature is also lower than SSiC ceramic based 
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receiver. Hence, larger cavity geometric parameters are selected at the 
beginning of the receiver design procedure in order to reduce the radiative 
peak flux levels both on the cylindrical surface and bottom. Three different 
cavity diameters (300 mm, 320 mm and 340 mm) and two different cavity 
lengths (350 mm and 400 mm) are selected for the ray-tracing study. As 
shown in Figure 5.10 (A), the peak flux on the cylindrical surface decreases 
and the position moves towards the bottom side (157 mm, 167 mm and 177 
mm) with the increase of the cavity diameter (300 mm, 320 mm and 340 
mm), but with no significant dependence on the cavity length. Hence, the 
cavity diameter can be further increased if no available impinging array 
design is found to satisfy the heat transfer needs in the nozzle arrangement 
design process. In this study, 320 mm was preliminary selected as the 
cavity diameter for the numerical study. 

 

Figure 5.10 Radiative flux distribution on the absorber surface (DNI=1000 W/m2): 
(A) on the cylindrical surface; (B) on the aperture baffle and the bottom. 

The peak flux on the cavity bottom is another important parameter to be 
considered, because there is no impinging cooling jet distributed for taking 
away the absorbed solar irradiation. Taking into consideration the flux 
distribution on the bottom, either the increase of the cavity length or cavity 
diameter can lower the flux level on the bottom, as shown in Figure 5.10 
(B). Compared with the cavity length, the cavity diameter has less effect on 
changing the flux distribution on the bottom. Moreover, changing the cavity 
length can control the flux level on the bottom without introducing any 
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significant influence on the cylindrical surface flux distribution. Hence, the 
cavity length can be extended when any insufficient cooling region is 
detected on the bottom surface during the design process. In this study, a 
350 mm cavity length was preliminary selected as the cavity length for the 
numerical study.  

 

5.5.2.2 Selection of nozzle arrangements 

Since 253 MA (can work at 1150 °C) is selected as the absorber material, 
1050 °C is selected as the uniform cavity inner surface (surface ‘2’) target 
temperature for the IDM modeling to provide some thermos-mechanical 
margin. Together with the heat flux through the cavity wall, the 
temperature on the working fluid side of the cavity wall was easily 
estimated by applying conduction heat transfer Equation (5.6). Since the 
conduction heat flux needs to be fully carried away by the air flow entering 
at 500 °C, the required total heat transfer coefficient on the working fluid 
side can be obtained.  

With the input of the maximum required total heat transfer coefficient 

max,reqh , the available impinging design candidates are obtained by 

combining the governing Equations (5.12), (5.14) and (5.16), as depicted 
in Figure 5.11. In this case, the nozzle array can be designed in 1 row, 2 
rows and 3 rows. Different row number designs have different nozzle 
diameters and nozzle number requirements. Since the diameter and the 
number of the nozzles are directly related to the manufacturing costs, the 
design with bigger nozzles and less numbers is preferred during the design 
process. Only when 1 row nozzle arrangement can’t cover the high flux 
region and the surface temperature distribution still suffers from the high 
peak, 2 rows and 3 rows nozzle array designs will be taken into 
consideration.  
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Figure 5.11 Feasible region for the selection of nozzle arrangements based on 
DNI=1000 W/m2 (indicated by row number ‘j=1’, ‘j=2’ and ‘j=3’). 

In order to study the effect of the different nozzle arrangements (with 
different row numbers) on the temperature distribution, three nozzle 
arrangements are selected as candidates: d10n12j1, d5n40j2 and d4n72j3. 
The heat transfer coefficient distribution curves for the three nozzle 
arrangements are calculated based on the local Nusselt number distributions 
(r/d<7), and compared to the required total heat transfer coefficient curve, 
as depicted in Figure 5.12. All three nozzle arrangements can offer 
sufficient heat transfer coefficients for cooling down the surface 
temperature below the design target in the peak flux region, but are 
insufficient in the outer region (r/d>7). Hence, a narrowing structure is 
designed at the region after the nozzle array (8 times nozzle diameter to the 
closest stagnation point) for enhancing the convective heat transfer. 
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Figure 5.12 Different impinging design candidates for a cavity design (D320L350) 
based on DNI=1000 W/m2. 

 

5.6 Summary of the chapter 

In this chapter, an IDM has been developed for ‘pre-selection’ purposes by 
answering the question of the cooling requirement and how to achieve a 
relevant cooling strategy. With the help of this method, only a few number 
of selected designs need to be analyzed in detail with the help of conjugated 
CFD heat transfer analyses, which not only reduces the time and computer 
resource costs but also increases the efficiency of the receiver design 
process. Comparing the implementation of this method on two receiver 
designs based on different materials, using the modified IDM with the 
multi-row nozzle arrangement model and traditional receiver design 
processes has proven to be significantly more effective and efficient in 
searching candidate nozzle arrangements. 
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6 Conjugate heat transfer study   
 

6.1 Receiver geometries and boundary conditions 

6.1.1 Receiver based on SSiC ceramic material 

The detailed design of the receivers including detailed conjugate heat 
transfer analyses are generally based on the selected configurations 
described in chaper 5. Some more detailed design features and selections 
have been made in order to enhance the basic receiver functionality and 
efficiency further and they are described in the following. It has been 
shown above, that a receiver with a 200 mm diameter aperture can receive 
almost the whole concentrated solar irradiation collected by the dish, and 
therefore the receivers in the following detailed analyses are equipped with 
a baffle with an aperture diameter of 200 mm in order to reduce the heat 
losses that are caused by natural convection and radiation. Moreover, 250 
mm is preliminary used as the cylindrical part length of the cavity cavL , and 
a semi-spherical doom is designed as the bottom of the cavity in order to 
reduce the flux level on center region of the bottom. Hence, the radiative 
boundary conditions for the SSiC based impinging receiver designs are 
updated and depicted in Figure 6.1.  

 

Figure 6.1 Radiative flux distribution on the absorber surface (DNI=1000 W/m2): 
(A) on the cylindrical surface; (B) on the aperture baffle and the bottom. 
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A 3D model and 2D drawing of a typical SSiC ceramic based receiver, 
equipped with a single row nozzle arrangement of d10n12, are shown in 
Figure 6.2. Upstream fully rounded orifices are used as the impinging 
nozzles, where the radius of the round is equal to the thickness of the wall. 
The nozzles are distributed evenly on the cylindrical wall above the peak 
flux region, so the distance from the nozzle center to the receiver front jetL

depends on the flux peak position of different cavity diameters. In order to 
show the impact of two different receiver interface connections (the 
integrated and separate interface for air inlet and air outlet) design for 
connecting with the MGT, the SSiC based receiver was designed with 
integrated connecting interfaces, as shown in Figure 6.2. The 253 MA 
based receiver was designed with separate connecting interfaces, as shown 
in Figure 6.3. Furthermore, a nozzle to target distance of 40 mm was 
chosen, which means that H/d=4 for a 10 mm nozzle and 5 for an 8 mm 
nozzle. 3 mm is selected as the wall thickness. 

 

Figure 6.2 Schematics of a receiver based on SSiC ceramic material: (A) 3D 
model; (B) 2D drawing. 

 

6.1.2 Receiver based on austenitic stainless steel 253 MA 

For the receiver based on 253 MA alloy, due to the lower surface 
temperature design target, the annulus channel is modified by a narrowing 
structure in order to enhance the heat transfer on the cylindrical surface of 
cavity close to the bottom (8 nozzle diameters after the impinging nozzles). 
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A 3D model and 2D drawing of a typical 253 MA alloy based receiver, 
which with a single row nozzle arrangement of d10n12, are shown in 
Figure 6.3. The inlet and outlet interfaces of the receiver are also carefully 
designed for easy connection with the gas turbine outlet. In this study, 3 
mm is also selected as the wall thickness for the conjugated CFD heat 
transfer study.  

 

Figure 6.3 Schematics of a receiver based on austenitic stainless steel 253 MA: (A) 
3D model; (B) 2D drawing. 

 

6.2 Model simplification 

One major assumption in the detailed model work is that the natural 
convection between the absorber and the ambient, as described in the 
section 4.2 of this thesis, is negligible when the absorber works above 1000 
°C. Moreover, another benefit of neglecting of the natural convection heat 
loss is that the final temperature on the wall will be higher than the real 
working condition. In that sense, the design is conservative for the receiver 
mechanical integrity. Since the Grashof number is a measure of the ratio of 
the buoyancy forces to the viscous forces acting on the fluid inside the 
receiver, the Gr/Re2 values for different cases are also calculated before the 
numerical study. The maximum Gr/Re2 value is 0.02, which is much 
smaller than 1. Therefore, the natural convection of the working fluid inside 
the receiver is also negligible when compared to forced convection [82]. In 
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summary, following assumptions can be made for the imping receiver 
numerical model: 

(1) Steady state; 
(2) Incompressible ideal gas; 
(3) Receiver outer wall is well insulated; 
(4) Negligible natural convection heat transfer, both in the cavity and 

inside the fluid domain; 

The computational domains are accurately derived from the geometric 
dimensions. Based on the receiver geometrical characteristics and the 
assumptions above, an axis-symmetrical model can be applied for the 
numerical studies to reduce the mesh size. For the 253 MA alloy based 
receiver, since the main pressure drop is caused by the air flow through the 
impinging nozzles, the inlet of receiver is simplified such that a 
symmetrical model can be used. The 3D computational domains of the two 
different receivers are shown in Figure 6.4. A curvilinear axis is introduced 
in order to help analyze the flow and heat transfer phenomena on the 
cylindrical surface. Furthermore, as natural convection is neglected, a 
transparent solid model, with the same heat capacity and thermal 
conductivity to the air, is applied instead in the cavity region in order to 
reduce the calculation costs. 

 

Figure 6.4 Computational domains of the impinging receivers (1/n symmetrical 
region): (A) receiver based on SSiC ceramic material; (B) receiver based on 

253MA. 
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6.3 Turbulence model selection and validation 

The flow pattern of an impinging cooling system is quite complicated even 
for a simple geometrical configuration. Direct numerical simulation (DNS) 
and large eddy simulation technologies should be the most accurate 
solution for this physical problem, but they require large computational 
resources. Hence, Reynolds-averaged Navier-Stokes (RANS) models are 
preferred in this study due to their acceptable accuracy and low 
computational costs.  

Although the commercial CFD code FLUENT has been widely used in 
solving academic and industrial thermo-fluids problems, including the 
impinging flat plate systems, validation tests for different RANS models 
were still carried out in this study in order to verify their applicability for 
studying an impinging jet on a convex surface. The numerical results of the 
local Nusselt number distribution obtained by various RANS turbulence 
models were compared with the experimental data presented by C. Cornaro 
[83]. Enhanced wall treatment (EWT) was applied for different ε−k
models. Here the Nusselt number is defined as [57]: 

wfk
hdNu =

 
(6.1) 

wfs

conv

TT
q

h
−
′

=  (6.2) 

where h , d , wfk , convq′ , sT  and wfT  are the convection heat transfer 
coefficient, nozzle diameter, working fluid thermal conductivity, convection 
heat flux from solid to fluid, solid temperature and working fluid 
temperature at the nozzle exit. Due to a significant transition flow region 
near the stagnation region, the transition SST model has a better 
performance in detecting the second peak in the local Nusselt number 
distribution, compared to the standard ω−k  SST model, as shown in Figure 
6.5. It is observed that the transition SST model has a maximum 18% over-
prediction in the stagnation and a 5% error in the wall jet region (s/d>2.2 or 
x/d>2). In the second peak region, the error in the curvilinear axis is much 
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larger than in the longitudinal axis, but still within 18%. Moreover, 
compared to other RANS turbulence models, the transition SST model can 
offer a more accurate solution. Hence, the transition SST model is finally 
chosen for predicting the performance of the impinging receiver system.  

 

Figure 6.5 Local Nusselt number distribution results for various RANS turbulence 
models and experimental data: (A) along the longitudinal axis; (B) along the 

curvilinear axis. 

 

6.4 Mesh strategy 

6.4.1 Mesh structure 

All meshes were generated using ANSYS ICEMCFD 14.0 for its efficiency 
and accuracy in generating a block-structured hexahedral mesh. To ensure 
orthogonality of the mesh, O-grid type blocks were used in the jet regions. 
In a jet impingement system, the heat transfer is very sensitive to the 
boundary layer on the wall, especially in the stagnation region where 
boundary layer transition may happen. The orifice nozzles are located at the 
upstream of the flow field and the jet velocity is usually very high, the 
accuracy of the boundary layer calculation is also very important to 
simulation results of the downstream of the jet impingement system, both in 
flow field and heat transfer. Furthermore, due to the impinging shear layer 
region created by the high velocity gradients, fine mesh is required as well 
in this region. For the region in the middle of two neighbor jets, the wall 
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jets of these two adjacent flows may collide, and result in a “fountain” 
phenomenon which has a strong effect on the local heat transfer rate [57]. 
Therefore, a fine mesh is applied in the regions where high velocity or 
pressure gradients are located, e.g. the stagnation region, the impinging 
shear layer region, the nozzle wall region and the “fountain” region. 
Typical mesh strategies of the conjugate heat transfer model for both 
the SSiC ceramic based receiver and 253MA alloy based receiver are 
shown in Figure 6.6 and Figure 6.7. 
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Figure 6.6 A typical mesh structure for SSiC ceramic based receiver: (A) grid of 
the conjugate heat transfer model; (B) grid detail of the fluid domain. 

 

 



Doctoral thesis / Wujun Wang 

 

48 

 

 

Figure 6.7 A typical mesh structure for 253MA alloy based receiver: (A) grid of 
the conjugate heat transfer model; (B) grid detail of the fluid domain. 

 

6.4.2 Grid independent study 

In order to obtain grid-independent solutions, the dimensionless wall 
distance of the first grid node near the wall +y  was selected as the main 
parameter to represent the mesh quality: 

ν
τ 1yuy =+

 
(6.3) 

where τu  represents the friction velocity, 1y is the distance of the first grid 
node normal to the wall and ν  is the kinematic viscosity of the fluid. 
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Different meshes of an SSiC ceramic based receiver (D240t3d10n12), with 
the same block strategy but with different +y  values, were studied and the 
local Nusselt number distribution (on the curve x=0, y=0) results were 
compared. The grid size for different +y values are: 9.1×106 ( +y < 0.5), 

7.5×106 ( +y < 1), 6×106 ( +y < 5), and 5.4×106 ( +y < 10). As shown in 
Figure 6.8, there is no significant change in local Nusselt number 
distribution when the maximum +y value on the impinging target wall was 
reduced from 1 to 0.5. Hence, it can be assumed that the result of the 
conjugate heat transfer model is independent of the mesh when the +y <1. 

Therefore, +y < 1 was chosen as the near-wall grid solution.  

 

Figure 6.8 Local Nusselt number distributions on the along the curvilinear axis 
(x=0, y=0) for various grids with different y+ values (case: D240t3d10n12). 

 

6.5 Solution procedure 

The commercial software ANSYS FLUENT 14.0 was used as the main tool 
for solving the conjugate heat transfer problem. The radiative flux 
distributions, predicted by the ray tracing software (on the cavity 
cylindrical surface, the bottom and the aperture baffle), were given to the 
conjugate heat transfer model as a thin wall heat source (10-6 m thick) by 
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using user design functions (UDF). For the flow field calculation, velocity 
inlet and pressure outlet boundary conditions are used. All the temperature 
related physical properties, both solid and air, are polynomial fitted and 
inputted to the conjugate heat transfer model, as shown in Table 6.1. A 
Discrete Ordinates (DO) radiation model was chosen in this study for 
calculation of the thermal radiation between different surfaces of the 
receiver. The final solution was obtained by applying a second-order 
upwind scheme for the pressure, momentum and energy terms. The 
pressure-velocity coupling field was solved by the SIMPLEC algorithm 
[84]. The convergence criterion was that the normalized residual was less 
than 10-5 (10-6 for energy and DO). 

Table 6.1 Temperature dependent material properties. 

Parameter Value Range (K) 

Cp,air, 
J/(kg·K) 

851.8+0.355×T+(-2.577×10-5)×T2+(-
3.892×10-8)×T3 

723-1273 

kair, 
W/(m·K) 

6.609×10-3+(6.689×10-5)×T+(-2.319×10-

9)×T2+(-2.465×10-12)×T3 
723-1273 

νair, 
kg/(m·s) 

4.059×10-6+5.62×10-8×T+(-2.243×10-

11)×T2+(5.643×10-15)×T3 
723-1273 

Cp,SiC, 
J/(kg·K) 

198,3+2,31×T+(-2.193×10-3)×T2+(1.032×10-

6)×T3+(-1.861×10-10)×T4 
300-1773 

kSiC, 
W/(m·K) 

203,1+(-0,4176)×T+(4.365×10-4)×T2+(-
2.2×10-7)×T3+(4.232×10-11)×T4 

300-1773 

Cp,253MA, 
J/(kg·K) 

381.8+0.4428×T+(-2.622×10-

4)×T3+(7.104×10-8)×T3 
300-1423 

k253MA, 
J/(kg·K) 

11.15+(-7.998×10-3)×T+(6.41×10-5)×T2+(-
6.29×10-8)×T3+(1.997×10-11)×T4 

300-1423 
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In the DO model, theta divisions, phi divisions, theta pixels and phi pixels 
are the main four parameters which decide the accuracy of the result. In 
order to achieve a higher accurate result, larger values of these four 
parameters are required, but will also leads to a higher calculation cost. 
Even if 3×3-3×3 (theta divisions×phi divisions-theta pixels×phi pixcels) is 
recommended for good accuracy and acceptable calculation cost[84], 
various settings were still studied to test the accuracy of DO model. As 
shown in Figure 6.9, the DO model result is much more sensitive to the 
theta and phi pixels compared to theta and phi divisions, and the result does 
not show significant change any more when the theta and phi pixels are 
larger than 3×3. Hence, the recommended setting 3×3-3×3 was selected as 
the setting of the DO model in this study. 

 

Figure 6.9 Temperature distributions on the curve (x=0, y=-3 mm, which located 
on the absorber inner surface) for various theta divisions, phi divisions, theta pixels 

and phi pixels (case: D240t3d8n12). 
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6.6 Results and discussions 

6.6.1 Receiver based on SSiC ceramic material 

6.6.1.1 Effects of the nozzle arrangements 

According to the results of the IDM in section 4.5.1.4, a cavity with 240mm 
diameter and 250 mm length is preliminary used as the cavity shape of an 
SSiC based receiver for the conjugate heat transfer study. The temperature 
distributions on the absorber inner surfaces for various nozzle arrangements 
(d8n12, d8n16, d10n12 and d10n16) are shown in Figure 6.10. The low 
temperature regions are located in the regions nearby the aperture and the 
peak flux regions are located in a region far away from the aperture for all 
the four different nozzle arrangements, which is good for reducing the heat 
losses caused by radiation and convection. In the jet stagnation regions, 
significant low temperature spots are detected. However, these low 
temperature sinks are limited. The uniformity of the temperature 
distribution is another important parameter for valuing the receiver 
performance, which through local thermo-mechanical strain has a strong 
impact on both the allowable working temperature level as well as the long-
term durability of the material. As shown in Fig. 8, the temperature 
differences between the peaks and the valleys on the absorber inner 
surfaces are within 230 K without any optimization, which are much lower 
than other existing cavity receivers in the published literature [26], [52]. 
Hence, the impinging cooling technology is very efficient in managing the 
temperature distribution on the absorber surface, and it still has a great 
potential in improving the temperature uniformity by optimizing the nozzle 
arrangement.  
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Figure 6.10 Temperature distribution results on the absorber inner surfaces for 
various nozzle arrangements: (A) D240t3d8n12; (B) D240t3d8n16; (C) 

D240t3d10n12; (D) D240t3d10n16; 

The numerical results of the temperature distributions in the axial direction 
on both sides of the absorber, together with the required HTC distribution 
for maintaining the absorber temperature at 1373 K and the heat transfer 
coefficient that can be offered by the nozzle arrangement of d10n12 with a 
jet exit temperature of 773 K, is shown in Figure 6.11 (the black line and 
black dash line). By comparing the heat transfer coefficient distributions, 
the heat transfer coefficient value offered by the d10n12 impinging 
arrangement closely meets the requirement as shown at 72 mm, 107 mm 
and 152 mm. In the regions 0-72 mm and 107-152 mm, the heat transfer 
coefficient value offered by the impinging jet is higher than the 
requirement; hence the absorber is cooled down below 1373 K. In other 
regions, the temperature is above 1373 K due to the insufficient cooling 
effect. Through numerical verification, the obtained results show that the 
design parameters obtained with the IDM are in agreement with the 
expected results. Moreover, the temperature in different regions meets the 
prediction of the IDM very well. Hence, the IDM is validated as an efficient 
preliminary design tool for quickly finding possible cavity receiver designs. 
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Figure 6.11 The heat transfer coefficient distributions obtained by the IDM for the 
absorber temperature of 1373 K and the numerical results of the temperature 

distributions for case D240t3d10n12. 

 

6.6.1.2 Pressure drop 

Since the pressure drop is an important parameter which influences the 
MGT efficiency significantly, controlling the pressure drop below a low 
level is one of the key factors for evaluating the performance of a receiver 
design. Hence, a maximum 3% pressure drop was chosen as one of the 
most important criteria for nozzle arrangement selection. In such an 
impinging flow in the receiver, the main pressure drop is caused by the 
accelerated flow passing through the nozzles/orifices. The numerical 
pressure drop results, together with those obtained by the Equation (5.15) 
with various discharge coefficients, are depicted in Figure 6.12. The 
numerical pressure drop results are very close to the results with a 
discharge coefficient of 0.8. Hence, 0.8 can be assumed as the discharge 
coefficient for predicting the pressure drop when using the IDM as the tool 
for the preliminary design of an impinging receiver. Moreover, the pressure 
drops of all nozzle arrangements but d8n12 are under 3%, which can meet 
the requirement of the MGT.  
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Figure 6.12 Pressure drop results of the numerical model and the empirical 
correlation with various discharge coefficients 

 

6.6.1.3 Effects of cavity diameter 

By comparing the temperature distributions and pressure drops of the four 
nozzle arrangements, d10n12 was finally selected for further analysis. The 
impact of the cavity diameter was studied by increasing the cavity diameter 
from 240 mm to 250 mm and 260 mm. The temperature distributions are 
shown in Figure 6.13. Since the peak flux on the cylindrical surface 
decreases and moves towards the bottom with the increase of the cavity 
diameter, the peak temperature is reduced by 12 K per 10 mm diameter 
increase. Hence, it is expected that the temperature peak can be controlled 
to meet the requirement by changing the cavity diameter, e.g. below 1273 K 
to also allow the use of metallic material as the absorber.   
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Figure 6.13 Temperature distribution results on the absorber inner surfaces for 
various cavity diameters: (A) D240t3d10n12; (B) D250t3d10n12; (C) 

D260t3d10n12. 

 

6.6.1.4 Effects of wall thickness 

The wall thickness is considered as an important parameter which may 
largely affect the receiver thermal and mechanical performance [26], [40]. 
Basically, the wall should be thick enough to sustain high pressure, but it is 
also expected as thin as possible to keep the heat resistance and thermal 
stresses at a minimum level. Therefore, two extra wall thicknesses (5 and 7 
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mm) were studied based on the main parameters of the case D260t3d10n12. 
As depicted in Figure 6.14, the change of the temperature distribution is not 
very significant when the wall thickness of the impinging receiver changes 
from 3 mm to 7 mm. However, the uniformity of the temperature 
distribution in the impinging region is improved both in the circumferential 
and axial direction. In the following mechanical design process of the 
impinging receiver, the wall thickness can be optimized to meet the 
requirements from the structure mechanical design without impacting the 
thermal performance too much.  

 

Figure 6.14 Temperature distribution results on the absorber inner surfaces for 
various wall thicknesses: (A) D260t3d10n12; (B) D260t5d10n12; (C) 

D260t7d10n12. 
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6.6.1.5 Fluid flow and heat transfer analysis 

The resulting flow field of a typical case (D260t3d10n12) is depicted in 
Figure 6.15 for 1/12 of the domain. The maximum jet velocity can reach 
112.2 m/s, which is equivalent to a Mach number of 0.2 at 500 °C. It is 
therefore concluded that the flow can still be considered as incompressible 
flow. The air flow impinges on the absorber surface by accelerating and 
passing through the nozzles. The stagnation region beneath the jet has a 
high cooling effect and is used for cooling the flux peak. In the region 
between two impinging jets, two adjacent wall jets collide and form a 
fountain region. Moreover, taking a look at Figure 6.15(B), the influence of 
the cross flow on the impinging jet is relatively weak.  

 

Figure 6.15 Flow field for the case D260t3d10n12: (A) at plane x=0; (B) at plane 
s=0. 

According to the previous numerical study, the fountain region should have 
a very good heat transfer coefficient due to the boundary layer separation 
[80]. However, the temperature peaks are located in the fountain region for 
all cases in this study. In order to obtain more detailed information, the 
local Nusselt number distributions along the curves, which go parallel to 
the curvilinear axis at different x positions, are also studied and depicted in 
Figure 6.16. A significant long ‘valley’ along the axial direction is detected 
that is located nearby the fountain region, and the local Nusselt number 
level in the ‘valley’ is only about 1/3 compared to the stagnation region. It 
is concluded that enhancing the local Nusselt number ‘valley’ or increasing 
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the heat exchange area in this region is one of the most important 
optimization works for improving the performance of this type impinging 
receiver design. 

 

Figure 6.16 Local Nusselt number distributions along the curves at different 
positions. 

 

6.6.2 Receiver based on austenitic stainless steel 253 MA material 

6.6.2.1 Cavity wall temperature distribution 

In a cavity receiver design, the solar irradiation is absorbed and transferred 
into heat at the cavity (absorber) wall inner surface, so the temperature peak 
is located on this surface. At a DNI of 800 W/m2, all the three impinging 
arrangements can cool down the peak temperature to 1310 K and the high 
temperature regions are mainly located at the bottom, as shown in Figure 
6.17. Moreover, taking into consideration of the natural convection heat 
losses, the real temperature will be lower. Therefore, all the three impinging 
receiver designs are considered to safely work at a DNI level of 800 W/m2. 

In order to avoid a receiver failure caused by the increase of DNI, the 
temperature distributions under a higher DNI (1000W/m2) level are also 
studied, as shown in Figure 6.18. In the high temperature region on the 
bottom, the temperature peaks reach 1410 K, which is very close to the 
limit of the material allowable working temperature (1423 K). Hence, from 
the view point of mechanical integrity, the cavity needs to be modified or 
part of the collector surface needs to be covered if the receiver is expected 
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to work at a DNI level of 1000 W/m2. Furthermore, on the cylindrical 
surfaces, significant local temperature peaks are detected in the center 
region of four neighboring impinging stagnation regions for the d5n40j2 
and d4n72j3 nozzle arrangements. In future studies, staggered nozzles 
could be applied to overcome this problem. Taking a look at the 
temperature distribution on the line along the x axis that crosses the 
stagnation point, the maximum temperature for the three nozzle 
arrangements are 1328 K, 1341 K and 1350 K. Compared with the design 
target (1323 K) mentioned earlier in this paper, the IDM is proven to be an 
accurate pre-processing method for quickly selecting feasible impinging jet 
designs.  

 

Figure 6.17 Temperature distribution results on the absorber inner surfaces for 
various nozzle arrangements with DNI=800W/m2: (A) D320L350t3d10n12; (B) 

D320L350t3d5n40; (C) D320L350t3d4n72. 
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Figure 6.18 Temperature distribution results on the absorber inner surfaces for 
various nozzle arrangements with DNI=1000W/m2: (A) D320L350t3d10n12; (B) 

D320L350t3d5n40; (C) D320L350t3d4n72. 

 

6.6.2.2 Pressure drop 

The pressure drop results from different nozzle arrangements and DNI 
levels are shown in Table 6.2. The pressure drops of all three nozzle 
arrangements are within 3%. The change of DNI level has an impact on the 
pressure drop but is very weak. Considering both the temperature 
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distribution and pressure drop performances, t3d10n12 is chosen as the 
final nozzle arrangements. 

Table 6.2 Pressure drop results for various nozzle arrangements and DNI levels. 

Nozzle arrangement DNI (W/m2) ΔP (Pa) ΔP/P (%) 

d10n12j1 800 6536 2.179 

d10n12j1 1000 6554 2.185 

d5n40j2 800 8085 2.695 

d5n40j2 1000 8285 2.762 

d4n72j3 800 6284 2.095 

d4n72j3 1000 6417 2.139 

 

6.6.2.3 Effect of the cavity length 

Since the flux level on the bottom can be reduced by extending the cavity 
length, the cavity length is increased from 350 mm to 400 mm in order to 
reduce the temperature level on the bottom. The temperature distribution of 
the absorber inner surface for the case D320L400t3d10n12 is shown in 
Figure 6.19. The temperature peaks on the absorber are significantly 
reduced to 1256 K (DNI=800 W/m2) and 1351 K (DNI=1000 W/m2), so 
this 253MA based impinging receiver design can successfully meet the 
requirements of the dish Brayton system in this study. Moreover, the 
temperature differences on the absorber are reduced to 130 K (DNI=800 
W/m2) and 149 K (DNI=1000 W/m2) for the two different DNI levels, 
which are greatly improved compared with the earlier published cavity 
receiver designs [26], [52]. The outlet temperature and the thermal 
efficiency are two of the key parameters for evaluating the performance of 
a receiver design. In this D320L400t3d10n12 impinging receiver design, 
the average air temperature at the outlet and the thermal efficiency can 



Doctoral thesis / Wujun Wang 

 

63 

 

reach 1071.5 K and 82.7% respectively at a DNI level of 800 W/m2, 
without including the natural convection heat loss through the aperture and 
the conduction heat loss through the insulating layer. When the DNI 
increases to 1000 W/m2, the outlet temperature increases to1142.1 K 
(DNI=1000 W/m2) and the thermal efficiency is correspondingly reduced to 
81.9% due to the increase of radiation heat losses.  

 

Figure 6.19 Temperature distribution results on the absorber inner surfaces for the 
case D320L400t3d10n12: (A) DNI=800 W/m2; (B) DNI=1000 W/m2. 
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7 Fresnel lens based high flux solar 
simulator 

 

In order to test a prototype impinging receiver in KTH where located in 
high latitude region with poor solar conditions, the design of an indoor 
high-flux solar simulator is also included as an important part in this work. 
In the past years, the HFSSs have been identified as key facilities for CSP 
system research, in particular the indoor testing of new receiver designs 
[67], as they offer a fully controllable and constantly testing environment at 
lower costs than using a pilot-scale solar field test platform. Unlike solar 
simulators for photovoltaic cells and heat collector testing, which have been 
commercial available since 1960s, the development of HFSSs began in the 
early of 1990s [85] or even later for systems based on multiple light sources 
[86]. At the current time, no off-the-shelf HFSS is commercially available. 
Existing custom-made HFSSs are typically based on an array of xenon-arc 
lamps coupled with ellipsoidal concentrators offering flux levels from 30 to 
11,000 kW/m² at comparatively high costs of around 60,000 USD per 
kWrad on target [64], [87]–[90]. An HFSS with comparatively lower cost 
was designed by the Massachusetts Institute of Technology [91], based on a 
metal halide lamp array (7×1.5 kWe) and a flow-line concentrator. The cost 
of this system is in the region of 10,000 USD, giving costs of around 2000 
USD per kWrad on target. However, the peak flux achieved was only 60 
kW/m².  

 

7.1 Optical design 

7.1.1 Concentrator selection 

When designing a HFSS with large radiative powers (>10 kWrad), a key 
limitation becomes the optical concentrator, as large-scale ellipsoidal mirror 
units are not commercially available, and as such can become prohibitively 
expensive. The lifetime of these mirror units is also relatively short: 
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reflective coating damage (caused by thermal loads) was observed in the 
HFSS of the German Aerospace Center (DLR) after only a few weeks’ 
operation [88]. Additionally, the ellipsoidal concentrator magnifies the 
image of the light-source, causing the focal spot size and the optical 
efficiency to be highly dependent on the size of the emitter arc size [86] 
when the light-source is not an ideal point source.  

Fresnel lenses and parabolic dishes are two other concentrators which are 
widely used in concentrating photovoltaics (CPV) and CSP systems. A 
Fresnel lens is a flat approximation of a curved lens, which consists of 
discrete concentric prism elements patterned on a superstrate, either 
monolithically or fashioned out of separate layer of material, and it is 
usually used as a cost-effective lightweight alternative to a corresponding 
conventional curved lens [92]. Compared with parabolic dish concentrators, 
Fresnel lenses have lower space requirements as they are a refractive-type 
concentrator which is placed between the light source and the target. 
Compared to ellipsoidal concentrators, large size commercial Fresnel lenses 
made of polymethylmetakrylat (PMMA) or silicone-on-glass (SOG) 
materials are commercially available at comparatively low prices, in the 
range of 100 US dollars per unit. Furthermore, the optical efficiency of a 
modern Fresnel lens can reach up to 86% [92], close to the reflectivity of an 
ellipsoidal concentrator which is typically in the region of 90% [64], [86]. 
In the present work, Fresnel lenses are for the first time introduced as the 
optical concentrator in an HFSS design.     

 

7.1.2 Light source selection 

The light source of the new KTH HFSS is based on twelve commercially 
available NOYE N-7 xenon short-arc lamps (each 7 kWe), which are widely 
used in both commercial solar simulator and HFSS designs [64], [86], [88]. 
Each lamp employs a parabolic back-reflector to create an almost parallel 
beam of light at the aperture of the window, since xenon short-arc bulb can 
offer a good approximation of a point light source with high intensity. 
Considering the parallel incident light requirement of the Fresnel lens, a 
Fresnel lens can be easily coupled with a xenon lamp as a compact HFSS 
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subunit by installing the Fresnel lens in the front of the lamp aperture. A 
schematic of a HFSS sub-unit is shown in Figure 7.1(A). Moreover, 
compared with natural solar radiation data taken at an air mass 1.5 (AM1.5), 
the spectral distribution of xenon short arc lamps compares well apart from 
a small peak region at 800 nm, as shown in Figure 7.1(B). Hence, this kind 
commercial search light is a perfect choice for the Fresnel lenses based 
HFSS design. 

 

Figure 7.1 Schematic of the NOYE xenon lamp (A), and comparison of its spectral 
distribution with natural solar irradiation (B) (reference AM1.5). 

 

7.1.3 Lamps array design 

The 12 sub-units are arranged in two circular arrays, with 8 lamps in the 
outer array and 4 lamps in the inner array, as shown in Figure 7.2. In order 
to design the HFSS, it is necessary to determine the positions of the lamps 
in both arrays. As a first constraint, a minimum distance between each lamp 
(Lg) of 100 mm was chosen to facilitate installation and cooling. The 
second step is to determine the diameters of the circles containing the center 
positions of the inner and outer lamp arrays (Dpi and Dpo); these diameters 
should be as small as possible in order to make optimum use of the 
available space; the main limitation being the available height of 3 m.  
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Figure 7.2 Schematics of the solar simulator design: (A) front view; (B) A-A 
section view. 

Based on the geometric relations shown in Figure 7.2, a series of 
inequalities can be established, as shown in Equations (7.1)-(7.4), where Ds 
is the xenon lamp diameter (500 mm), and θci and θco are the 
circumferential angles between adjacent lamps in the inner and outer arrays 
(90° and 45°). With the known parameters, the possible range of value for 
Dpo and Dpi is shown in Figure 7.3, where the feasible region is indicated by 
the arrow. Values of 1800 mm and 860 mm were chosen as the Dpo and Dpi, 
close to the minimum possible size identified. 
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Having fixed the circumferential location of the lamps, the remaining 
parameter to be fixed is the focal length of the Fresnel lenses. In order to 
match the flux distribution of a real-world solar dish system, the HFSSs 
should have a rim angle of around 45°, and as such, the focal length giving 
this rim angle for the HFSS can be determined by Equations (7.5)-(7.7), 
where, θci is the axial tilt angle of the outer lamps, θb is the half-cone angle 
of the concentrated beam of the lamp-lens combination, Dw is the Fresnel 
lens diameter, and ϕrim is the desired rim angle of the radiation incident at 
the focal plane. With the chosen parameters, f is calculated to be 1496 mm, 
and a commercially available Fresnel lens with a focal length of 1500 mm is 
chosen as the concentrator for every single xenon lamp. 

 

Figure 7.3 Feasible region for the selection of Dpo and Dpi, chosen design indicated 
by arrow. 
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baorim θθφ +=  (7.7) 

Having fixed these key parameters of the HFSS, the remaining parameters 
can be derived from simple geometric calculations and are shown in Table 
7.1. 

Table 7.1 Geometric parameters for the solar simulator system. 

Parameter name Symbol Value 

Xenon lamp search light diameter (mm) Ds 500 

Xenon lamp search light length (mm) Ls 800 

Xenon lamp window diameter (mm) Dw 380 

Receiver diameter (mm) Dr 200 

Receiver total length (with CPC) (mm) Lrt 400 

Diameter of the center-position-circle of the outer lamps (mm) Dpo 1800 

Diameter of the center-position-circle of the inner lamps (mm) Dpi 860 

Tilt angle for axial direction of the outer lamps (°) θao 37 

Tilt angle for axial direction of the Inner lamps (°) θai 17 

Circumferential direction arrangement arc angle of the outer 
lamps (°) 

θco 45 

Circumferential direction arrangement arc angle of the inner 
lamps (°) 

θci 90 

Focal length of Fresnel lens (mm) f 1500 

Rim angle to the cone of radiation incident at focal plane (°) ϕrim 45 

Half cone angle of the concentrated beam from a single lamp (°) θb 8 

Distance between two lamps Lg >100 

Total hight of the solar simulator design (mm) Ht 3020 

Total length of the solar simulator design (mm) Lt 2700 
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7.2 Optical ray tracing model 

7.2.1 Light source 

Previous studies have shown that the emitter is not a true point source, but 
rather a finite volume, as shown in Figure 7.4. As such, the geometrical 
position of the emitter giving maximum system efficiency is not located 
exactly on the focal point of the parabolic back-reflector. Different bulb 
positions will have an impact on the beam angle and the lamp radiative 
power output, as well as greatly influencing the system efficiency and the 
flux distribution on the target. The real arc emitter shape has been 
determined by scaling the results from a XBO 6000W/HP lamp, which has 
the same electrodes and gap size between two electrodes as the NOYE N-7 
lamps used in the HFSS, but a rated power of 6 kWe instead of 7 kWe. 

 

Figure 7.4 Brilliance distribution in the arc of an XBO® lamp (Osram). 

 

7.2.2 Fresnel lens 

The choice of material for the Fresnel lens will have an impact on both the 
cost and performance of the system. As previously mentioned, PMMA and 
SOG are the two main materials used in contemporary commercial Fresnel 
lens manufacturing. Compared to a PMMA type Fresnel lens, a SOG lens 
presents the advantages of greater optical bandwidth, greater optical 
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transmittance, additional surface functionality, radiation hardening, less risk 
of creep or physical aging of facets, more permanent overall shape, greater 
impact durability, greater tribological robustness and greater chemical 
stability [92]. As such, SOG Fresnel lenses have been chosen as the 
concentrators for the xenon lamps in this HFSS, and the main parameters 
are shown in Figure 7.5 and Table 7.2. 

 

Figure 7.5 Cross-section schematic of the Fresnel lens. 

Table 7.2 Geometric parameters for Fresnel lens.  

Parameter name Symbol Value 

Facet thickness (mm) hf < 0.4 

Glass superstrate thickness (mm) hs 4 

Total lens thickness (mm) ht 4.5 

Prism peak radius (μm) Rp 50 

Facet slope angle (°) θr < 30 

Draft angle (°) θd 2 

Prism width (mm) d 0.5 

Silicone lens diameter (mm) Dl 420 

Glass superstrate diameter (mm) Dg 474 

Focal length (mm) f 1500 

Refractive index of silicone ns 1.4 

Refractive index of glass ng 1.5 
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A simplified simulation method for Fresnel lenses, using the transmittance 
as the metric, was developed by Davis [93], [94] and has been employed in 
the ray tracing model. In this method, the optical losses are converted into 
different transmittance values, as listed below. 

• Tsurf: transmittance accounting for surface reflections at the input plane 
and prism slope surfaces. 

• Tgeom: transmittance accounting for the prism draft surface loss and the 
loss due to the prism peak rounding. 

• Tmatl: transmittance accounting for the material absorbance as light is 
transmitted through the lens media. 

The Fresnel lenses used in KTH’s HFSS are SOG Grooves-Facing-Short-
Conjugate (GFSC) Fresnel lenses. Collimated light first enters the flat glass 
surface, passes through the glass substrate and enters the silicone lens layer, 
and finally is refracted at the surfaces of the micro prisms. The schematic of 
the light path in the Fresnel lens micro prism structure and glass substrate is 
shown in Figure 7.6. 

The different transmittance values can be calculated using the lens 
parameters and the properties of the silicone and glass [15]. The 
transmittance accounting for surface reflections can be calculated by 
Equations (7.8) and (7.9). In the case of a normal incidence angle, the 
simplified Equation (7.10) should be used instead. In these equations, αi and 
αt are the incident and refracted angles, ni and nt are the refraction indexes 
in the incident and transmitted media.
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 Experimental data shows that the surface transmittance remains almost 
constant for incident angles of less than 30° [16]. When the Fresnel lens is 
kept perpendicular to the collimated light beam, the maximum incident 
angle is 30°, which is the maximum slope angle on the Fresnel lens surface. 
For the silicone-air interface, calculated results show this approximation to 
be acceptable, as the transmittance of the silicone-air interface is 0.972 for 
normal incidence and 0.971 when the incidence angle increases to 30°. For 
a SOG Fresnel lens, two more transmittances need to be taken into 
consideration, at the air-glass and glass-silicone interface; at both these 
locations, incidence angles are again below 30° and a constant transmittance 
can be assumed. 

 

Figure 7.6 Diagram of light paths within a Fresnel lens micro prism structure and 
the glass substrate. 

The geometric transmittance Tgeom results mainly from the prism draft angle 
and the peak rounding. Based on the analysis of the micro prism structure 
[94], Equation (7.11) can be used to estimated Tgeom , where, RP is the prism 
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peak rounding, dp is the prism width, θr is the facet slope angle and θd is the 
draft angle. As can be seen from Equation (6.11), Tgeom decreases with an 
increase of the facet slope angle θr; the minimum Tgeom can be estimated 
using the maximum θr.  
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The transmittance accounting for the material absorbance can be calculated 
using Equation (7.12) [94], where, Tint is the internal transmission, t0 is the 
measured sample thickness and tot is the objective thickness. In SOG 
Fresnel lenses, the total Tmatl includes two parts, Tmatl(s) for the silicone 
layer and Tmatl(g) for the glass substrate. 
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7.3 Results and discussions 

7.3.1 Sensitivity study of the ray tracing model 

In order to test the sensitivity of the results of the ray tracing model to the 
number of rays used, as well as finding the minimum number of rays 
required, the lamp light source was simulated with four different ray 
numbers. The ray tracing results with 0.1, 0.2, 0.5 and 1 million rays 
(Mrays) are depicted in Figure 7.7. It can be seen that the radiative flux 
distributions are highly symmetrical, except in the case with 0.1 Mrays. 
Four sensitive points, with comparatively larger changes in flux, are marked 
by rings in Figure 7.7(A), and the detailed flux change with the number of 
rays is shown in Figure 7.7(B). Very little change occurs when the ray 
number increases from 0.5 Mrays to 1 Mrays. Comparing the results of 0.5 
Mrays and 1 Mrays, the maximum flux change occurs at one of the peaks 
(X=-76.1 mm, Y=0 mm). For these points, increasing the number of rays 
from 0.5 Mrays to 1 Mrays yields a maximum flux change of 0.34% (1.2 
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kW/m2). As such, 0.5 Mrays are used for simulation of the lamps for all the 
HFSS designs considered here. 

 

Figure 7.7 Radiative flux distributions on the lamp aperture with different ray 
numbers (A), detailed rays number sensitivity analysis (B). 

 

7.3.2 Verification of the xenon lamp-Fresnel lens ray tracing model 

As the combination of a xenon-arc lamp and Fresnel lens is unique and has 
not previous been used in an HFSS, the performance of this arrangement is 
modeled and validated. The output of a single xenon lamp with and without 
the Fresnel lens has been measured using a high-power water cooled 
thermopile radiometer installed on a linear drive unit. A stainless steel plate 
with a 10 mm hole is used to protect the radiometer from overheating 
caused by the high radiative flux. The diameter of the hole is smaller than 
the sensor diameter (20 mm) and thus guarantees that all the radiative 
power that passes through the hole is detected by the sensor. Furthermore, 
four thermocouples are installed on the front face of the radiometer to 
monitor its working temperature. With the help of the linear drive unit, the 
radiometer is moved in 20 mm increments to take spatial measurements of 
the flux intensity; these measurements can then be used to validate the ray-
tracing model and provide confidence in the HFSS design. 

As mentioned above, the bulb is not an ideal point source, meaning that 
different bulb positions will influence the radiative flux output of the lamp 
and the final flux distribution on the target of HFSS. Unfortunately, the 
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exact bulb position in the NOYE N-7 lamp cannot be guaranteed by the 
manufacturer. As such, nine different bulb positions are simulated using the 
ray-tracing model in a ±2 mm range around the theoretical location, in 
order to find the real bulb position. This theoretical point is defined such 
that the emitter geometric center is right on the focal spot of parabolic dish 
reflector of the lamp; ‘+’ and ‘-’ are defined as moving to the front and rear 
of lamp, respectively.  

The experimental and ray tracing results of the lamp alone (without the 
lens) are shown on the left of Figure 7.8. Compared to the experimental 
results, the ray tracing model accurately predicts the radiative flux 
distribution in the outer ring region (radius between 100 mm and 200 mm), 
which accounts for 3/4 of the total area of the target. In the center area 
(radius below 50 mm) and peak area (radius between 50 mm and 100 mm) 
large variations in the simulated output occur when changing the bulb 
position. Based on the comparison between the simulated and measured 
results, bulb positions of 0 mm, +0.5 mm, +1 mm and +1.5 mm were 
chosen as promising candidates for the ray-tracing model.  

The final bulb position for the lamp model was chosen based on not only 
the flux distribution but also the incidence angle at the aperture plane, 
which affects the performance of the Fresnel lens. As such, the flux 
distribution produced by the lamp-lens combination can be used as the final 
filter to select it the bulb position for the ray-tracing model. The four 
candidate bulb positions have been modeled and are shown on the right of 
Figure 7.8. It can be seen that the flux distribution for the bulb position 0 
mm (BP=0 mm) provides the best match with the experimental data with a 
1500 mm distance between the Fresnel lens and the target (DTL=1500 
mm). As it is the flux distribution on target which is the key parameter for 
designing the HFSS, a ray-tracing model with BP=0 mm has been used for 
the final design of the system, despite giving an over prediction of 5.3% in 
the peak flux from the lamp alone. Furthermore it can be seen in Figure 7.8. 
that, due to the fact that the Fresnel lens is not an optically ideal thin lens 
concept and the lamp is not a true collimated light source, the lens produces 
its highest peak flux on a target situated at the position DTL=1430 mm 
instead of the design focal spot (DTL=1500 mm). 
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Figure 7.8 Validation of the ray-tracing model of the lamp alone (A), and the lamp-
lens combination (B) 

7.3.3 Simulation of a system with 12 lamp units 

Based on the above results, the ray-tracing simulation for the 12 lamp 
system was developed using BP=0 mm and the geometric parameters listed 
in Table 7.1. The results are shown in Figure 7.9, and it can be seen that the 
flux distribution matches well with a Gaussian distribution, and that 
19.7 kW of radiative power is delivered to the 20 cm diameter target with a 
total optical efficiency of 23.4%. The peak flux on the target reaches 6.73 
MW/m² at the focal spot, which can be extended to 8.61 MW/m² by 
adjusting the DTL to 1430mm. A contour plot of the radiative flux 
distribution at the focal plane of the HFSS with all twelve lamps in 
operation is shown in Figure 7.9(B). The flux distribution appears highly 
axisymmetric, with a central high flux region with a diameter of 8 mm 
where the flux exceeds a value of 6.5 MW/m2.  

 

Figure 7.9 The radiative flux distribution on the target plane of the 12-lamp HFSS 
array: (A) on horizontal symmetric axis; (B) contour map 
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In order to meet different receiver and material testing requirements, 
variations of the peak flux from 1 MW/m² to 6.73 MW/m² can be obtained 
by moving the target away from the focal spot, as shown in Figure 7.10. In 
contemporary dish designs, the peak flux on the focal plane reaches values 
of up to 11 MW/m2. However due to material constraints the absorber 
surface is usually positioned away from the true focal plane where the flux 
level is lower. For a typical Stirling engine receiver used in the EuroDish 
system, the peak flux on the focal plane reaches values of 8.7 MW/m², but 
the peak flux on the absorber surface is reported to be only 1.6 MW/m² [19]. 
As such, the peak flux level obtained by this HFSS design is able to meet 
the demand for testing current high flux CSP systems. 

 

Figure 7.10 Variation of radiative flux distribution when moving the target away 
from the lamp array 

 

7.4 Initial experimental testing  

7.4.1 The set-up of the high flux solar simulator  

A front view of the high-flux solar simulator is shown in Figure 7.11. The 
peripheral operating equipment includes a power supply system, a remote 
control system, measuring equipment, a compressed air supply system, a 
ventilation system, aluminium housing and other equipment for security 
(web camera, Ozone detector, et.al). The ventilation system can offer a 
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maximum 5 m3/s air flow, which is sufficient to take away the heat and the 
Ozone generated by the lamps. Electrical heaters are also installed at the 
inlet of the ventilation system, hence, the testing environment temperature 
in the solar simulator housing can be controlled at any temperature between 
15 °C and 25 °C even during winter in Stockholm. 

 

Figure 7.11 The high flux solar simulator at KTH. 

 

7.4.2 Flux measurement technique 

In order to measure the flux distribution on the focal plane, a point light-
flux measurement system is applied by using a water-cooled Coherent 
PowerMax® PM150-19C thermopile flux sensor fitted with a water-cooled 
copper shield, as shown in Figure 7.12. With the help of a 3-diamensional 
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linear unit, the flux distribution at different points can be measured by 
moving the flux sensor to the required positions.  

 

Figure 7.12 Flux measurement system. 

Before the flux testing, the temperatures in the region nearby the hole at the 
water-cooled copper shield and on the front surface of the flux sensor are 
measured by K type thermocouples. A Keithley 2701 data logger together 
with a module 7706 is used as the data collecting system. Both the 
maximum temperatures on the flux sensor and the back side of the water-
cooled copper shield are below 30 °C. Hence, the radiation heat transfer 
between the water-cooled copper shield and the sensor is very weak and 
negligible. 
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7.4.3 Results and analysis 

Normally, in order to extend the life of the Xenon bulb, the real power 
input is designed lower than its maximum allowable power in a commercial 
Xenon arc search light. Hence, the real power inputs to the different Xenon 
bulbs are also measured by the DC voltage and current, and the results are 
shown in Table 7.3. The DC power inputs of the lamps are only 66.0% - 
72.6% of their allowable power inputs. The total electric power input is 
57837.3 W, which is only 68.8% of the design power. In every power 
supply box of the search light, there are 5 power supply units installed, so it 
still has a potential to extend the power to 6 kWe and keep the bulb work 
under safe conditions by adding one extra unit in the future.  

Table 7.3 Measured DC current, voltage and power input to the Xenon bulb. 

Lamp ID Current, A Voltage, V Power, W 
1 150.0 30.8 4620.0 
2 161.5 31.0 5006.5 
3 154.0 30.8 4743.2 
4 169.0 28.0 4732.0 
5 170.6 28.0 4776.8 
6 156.3 32.5 5079.8 
7 162.0 29.0 4698.0 
8 163.0 30.2 4922.6 
9 155.0 30.1 4665.5 

10 158.9 29.8 4735.2 
11 160.1 30.2 4835.0 
12 155.5 32.3 5022.7 

 

Using a commercial search light directly in a solar simulator design, the 
parabolic reflector, as shown in Figure 7.1, is a problematic component. For 
a search light, only the visible light is interesting. Moreover, the strong 
infrared radiation (IR) would cause an increasing thermal load on the target. 
Hence, cold mirror coating is preferred for modern search light design due 
to its high reflectivity (>0.95) in the visible light wavelength range and high 
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transmissivity in the IR wavelength range. The measured reflectivity of the 
parabolic reflector, and the light spectral distributions before and after the 
reflector are shown in Figure 7.13. Due to the low reflectivity in the IR 
region, the average reflectivity of the reflector is only 0.5, which is quite 
low compared to Aluminum or Silver coating.  

 

Figure 7.13 Reflectivity of the parabolic reflector, and the light spectral 
distributions before and after the reflector.  

The experimental result of the flux distribution on the focal plane and the 
ray-tracing results with different reflectivity (0.5 and 0.68) are shown in 
Figure 7.14. In the experimental result, a total of 8.43 kW radiative power is 
delivered on a 200mm diameter target on the focal plane. Hence, the 
electric to radiant efficiency of the HFSS is 15.1% in the first initial testing. 
Compared with the ray-tracing results, the total radiant power obtained by 
the ray-tracing model with a parabolic reflector reflectivity of 0.5 is 
approximate 9.03 kW, which is 7% higher than the experimental results. 
Therefore, the 0.5 average reflectivity is verified by the experimental data, 
and the ray-tracing model can be used for predicting the total power of a 
Fresnel lens based high flux solar simulator.  

Since the Fresnel lens is a refractive optical element, short wavelength light 
will locate in the center and long wavelength light will locate in the outer 
circle region. As most IR radiation is not reflected by the cold mirror 
coating, the real flux distribution on the focal plane appears in a significant 
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‘slimmer’ shape than a ray-tracing result based on an average reflectivity. 
Comparing the ray-tracing result with a parabolic reflector reflectivity of 
0.68 with the experimental results, the peak flux levels are the same at 4 
MW/m2, but the experimental flux level is lower than the ray-tracing results 
with a reflectivity of 0.68 in other regions.  

 

Figure 7.14 Experimental result of the flux distribution on the focal plan and the 
ray-tracing results with different reflectivity (0.5 and 0.68). 

 

7.5 Summary of the chapter 

A design procedure for an HFSS was presented, based on an array of 12 
commercially available xenon-arc lamps (each rated at 7 kWe) coupled with 
SOG Fresnel lenses as the optical concentrator. A xenon lamp ray-tracing 
model based on a real emitter shape and a SOG Fresnel lens optical model 
were developed and validated using experimental test data, allowing 
confidence to be established in the approach. 

For the final HFSS optical design, a total of 19.7 kW of radiative power is 
delivered on a 20 cm diameter target with a total optical efficiency of 23.4% 
and a rim angle of 45°. The characteristics of the flux distribution appear 
highly axisymmetric with a peak flux of 6.73 MW/m², which can be 
extended to 8.61 MW/m² by adjusting the distance between lens and target 
to 1430mm. With a design based on standard commercially available 
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components, it has been shown that the cost of the HFSS can be reduced to 
the level of 5,000 – 10,000 USD per kWrad on target, which means up to 10 
times cheaper than previous configurations. 

The initial testing result shows that the lamps are run at only 66.0% - 72.6% 
of the allowable power input. Moreover, due to the fact that cold mirror 
coating is applied in the commercial search light, the total delivered radiant 
power is lower and the shape is ‘slim’. Hence, the optical performance of 
the HFSS can and will be enhanced by: 

1. Adding one or two additional power supply units for each lamp. 

2. Using Aluminum or Silver coating instead of the cold mirror 
coating on the parabolic reflector.  
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8 Initial receiver prototype testing 
 

In order to prove and demonstrate the concept, a prototype impinging 
receiver based on austenitic stainless steel 253 MA, is finally manufactured 
and tested with the help of the high flux solar simulator at KTH.  

8.1 Receiver configuration 

Considering the limitation of the space inside the HFSS lab, a shorter cavity 
length (250 mm) and smaller cavity diameter (280 mm) are selected in the 
prototype receiver design for initial testing of the impinging receiver 
concept. The receiver geometry and main parameters are shown in Figure 
8.1. The inlet air flow enters the annulus chamber through a DN 50 pipe. 
On the inner wall of the receiver casing, there are twelve 10 mm upstream-
rounded nozzles evenly distributed in circumferential direction. The air 
flow impinges directly on the absorber wall for cooling the flux peak region 
through the 12 nozzles. Finally, the air flow goes along the inner annulus 
channel between the receiver casing and the absorber, to a DN 100 exit pipe. 
In order to reduce the influence from the flow distribution through the 12 
nozzles, the height of the annulus chamber is chosen to be 40 mm and a 
modified end of the inlet pipe is applied. By using equation (5.15), the 
pressure drop through the nozzles is estimated to be 90% of the total 
pressure drop. Therefore, the flow distribution is relatively uniform through 
the nozzles.  

In order to monitor the temperature on the potential high temperature 
region predicted by CFD simulations, a view port is designed. In this view 
port, a fuse silica window with a diameter of 80 mm is used so that an 
infrared (IR) camera can be used without introducing too much signal 
attenuation. The absorber and the receiver casing are designed separately 
and connected by a flange with 24 M8 screws instead of welding, see 
Figure 8.2. Since the manufacturing of the receiver casing is much more 
complicated and expensive than the absorber, one of the main benefits of 
this design is that the absorber can be easily replaced when any failure 
happens, e.g. melting or crack caused thermal fatigue. 
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Figure 8.1 Main parameters of the prototype receiver: (A) front view; (B) top view. 
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Figure 8.2 Photos of the prototype receiver: (A) absorber and receiver casing; (B) 
assembled and installed in the solar simulator for testing. 

 

8.2 Experimental set-up 

8.2.1 Micro gas turbine simulation 

As described in Chapter 4, the boundary conditions at the receiver inlet are 
the same as the boundary condition after the recuperator of the MGT (0.1 
kg/s, 3 bar and 500 °C). In order to simulate the working boundary 
conditions of the MGT for receiver testing, the following components have 
been introduced (this design work is done by Lukas Aichmayer): 

1. A Bronkhorst® digital mass flow controller is used for measuring 
and controlling the mass flow input to the receiver.  

2. A choked nozzle is designed for obtaining a required working 
pressure for receiver. 
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3. Four 15 kWe electric heaters are designed for heating up the air 
from ambient temperature to maximum 900 °C.  

The layout of the MGT simulation and receiver testing systems are shown 
in Figure 8.3. For the present first experimental campaign, the heaters had 
not been installed yet and therefore the receiver has been tested with pure 
‘solar energy’ input at the moment.  

 

Figure 8.3 MGT simulation and measurement system. 



Doctoral thesis / Wujun Wang 

 

89 

 

8.2.2 Measurement system 

The measurement system for the receiver testing consists of mass flow, 
pressure and temperature. Moreover, some extra temperature measurements 
are taken for security reasons during testing. The layout of the measurement 
points are shown in Figure 8.3, and the positions of sensors are shown in 
Figure 8.4.  

Since there is a calibrated high accurate mass flow meter inside the 
Bronkhorst® digital mass flow controller, this value is used as the total mass 
flow input to the receiver. 

As shown in Figure 8.3, there are three 1.5 mm Inconel-shield K type 
thermocouples (KTC) installed for measuring temperature of the air flow: 
the inlet temperature, the outlet temperature and the temperature after the 
choked nozzle. Two 0.5 mm KTCs are installed on the absorber wall for 
measuring the wall temperature and calibrating the IR camera. In order to 
avoid introducing any surface micro structure change, a groove with 1 mm 
depth and 2 mm width is cut on the absorber wall. The two KTCs are glued 
by Cotronics® Stainless Steel Durabond 954 high temperature glue, which 
can work at 1000 °C and then the surface is polished, as shown in Figure 
8.5. A DIAS® PYROVIEW 512N IR camera is used for measuring 
temperature distribution in the potential high temperature region where 
predicted by CFD simulation. 

For the static pressure measurement system, two GE® pressure transducers 
and one GE® pressure difference transducer are used and the sensor 
positions are shown in Figure 8.3 and Figure 8.4. The pressure measuring 
ranges of the different transducers are selected based on the results of the 
CFD modeling: 0-6 bar for the inlet pressure measurement, 0-2 bar for the 
pressure after choked nozzle and 0-0.1 bar for the pressure difference 
measurement. In order to reduce the influence from the flow non-
uniformity, the average value of four different positions is used (this work 
is done by Jorge Garrido).  
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Figure 8.4 The insulated receiver with pressure transducers (PT), K type 
thermocouples (KTC) and IR camera: (A) front view; (B) side view. 

 

Figure 8.5 Two K type thermocouple on the absorber wall: (A) position on the 
absorber; (B) view though the view port. 
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8.3 First results and analysis 

8.3.1 Effects of the absorber oxidation  

Since a typical impinging air receiver needs to work above 800 °C, the 
material (especially metallic material) surface would be fully oxidized. 
During the design process, the emissivity of the material with a fully 
oxidized surface is used instead of the emissivity of the material with a 
polished surface. For a new alloy based receiver, the radiative boundary 
condition could be totally different to the design conditions due to the 
surface oxidation. Normally, an oxidized surface has a higher emissivity 
than the metal itself [69]. Therefore, the high flux region on a non-oxidized 
absorber will be located further towards the aperture than on a same sized 
oxidized absorber due to the multi-reflection inside the cavity. The bottom 
of the non-oxidized absorber, where no impinging jets are distributed, 
might work under an undesirable high light flux level and overheat 
condition. Moreover, the cylindrical wall region located under the 
impinging cooling jets will work at a lower temperature than the design 
temperature and might work below the oxidation temperature. This 
phenomenon can cause a disaster to the receiver if it would be fully focused 
without pre-oxidation directly after installation on a real dish system. 
Therefore, this phenomenon has been studied in detail in the first 
experimental campaign, see below. 

During the testing, the non-oxidized receiver was warmed up gradually by 
4 lamps, 8 lamps and finally 12 lamps with 0.03 kg/s air mass flow input. 
After one hour of testing under the full power of 12 lamps, it is observed 
that the bottom region of the receiver is significantly oxidized which 
happens at a temperature level above 800 °C, as shown in Figure 8.6. 
However, the thermocouple on the cavity wall shows that the temperature 
on the cylindrical surface only reaches 341 °C. This means that more 
radiative energy is absorbed by the bottom region of the absorber than it 
has been designed for. Furthermore, by scaling the power input to a real 
Eurodish system (31.63 kW at a DNI level of 906 W/m2), this result implies 
that the bottom of the absorber would easily melt if no oxidation pre-
process is applied. The conclusion is that the absorber surface needs to be 
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fully oxidized before it is installed on a real dish system. Before the 
following detailed testing, a pre-oxidation process of the absorber was 
attempted by using an Acetylene burner. After the oxidation process, the 
cavity absorber is closer to a black body than the cavity before testing and 
the cavity after one hour testing with 12 lamps, as shown in Figure 8.6 (C). 
However, a full oxidation could still not be accomplished on the side wall 
surface which means that the optical efficiency is reduced due to higher 
reflectivity on the side walls. This is consequently identified as one of the 
main reasons for a lower receiver efficiency compared to predictions as 
described below. 

 

Figure 8.6 Oxidation conditions of the absorbed: (A) before the testing; (B) after 
one hour testing with 12 lamps; (C) after a fully oxidation process by using an 

Acetylene burner. 

 

8.3.2 Pressure drop and total efficiency  

In the first test set-up only the radiative power from the solar simulator is 
used as heat source and therefore the total power input is not sufficient for 
testing the receiver under its real working boundary conditions. As a 
consequence, only relatively low mass flow rates m  are used during the 
testing in order to achieve relevant temperature levels on the absorber wall. 
Since the choked nozzle after the receiver is fixed, the working pressure 
(the pressure before receiver inletP ) will vary slightly with the air mass flow 
during testing. In this first experimental campaign, the influence of receiver 
position (RP, 0 is set at the focal plane) is also investigated by moving the 
receiver 50 mm away from the focal plane.  
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As the receiver is designed for a dish-Brayton system, the pressure drop 
and total efficiency are the two most important parameters. The total 
pressure drop of the receiver can be measured by the pressure difference 
transducer. Since approximate 90% of the total receiver pressure drop is 
caused by the nozzles in this prototype impinging receiver design, the total 
receiver pressure drop is used instead as the pressure drop through the 
impinging nozzles for calculating the discharge coefficient in this 
experimental study. The discharge coefficient dC  can be obtained by a 
combination of equation (5.9) and (5.15): 

21

2 2
14









∆

=
Pdn

mCd ρπ
  (8.1) 

where m  is the inlet air mass flow, n  is the nozzle number, d  is the 
nozzle diameter, ρ  is the density of the inlet air. P∆  is the pressure drop 
of the flow passing through the nozzles.  

The total efficiency of the receiver tr−η  is a combination of optical 

efficiency optη  and thermal efficiency tη , and it can be obtained by 

equation (8.2). 

HFSSradinletoutlettopttr qhhm ,/)(  −=⋅=− ηηη  (8.2) 

where m  is the inlet air mass flow, inleth  is the enthalpy of air at the inlet air 

temperature inletT , outleth  is the enthalpy of air at the outlet air temperature 

outletT  and HFSSradq ,  is the radiative power on a circular target with a diameter 
of 200 mm at the focal plane.  

The testing results are shown in Table 8.1. The working pressure inletP  
decreases linearly with the decrease of the inlet air mass flow. The 
recommended discharge coefficient for calculating the pressure drop of an 
upstream rounded orifice nozzle is between 0.8 and 0.9. However, the 
discharge coefficient obtained from the experimental results is only around 
0.7. According to equation (8.1), the pressure drop with a discharge 
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coefficient of 0.7 is approximately 30% higher than the result using 0.8 as 
the discharge coefficient. Due to a manufacturing mistake at the air inlet of 
the receiver, a structural change has been made for repairing the mistake, as 
shown in Figure 8.7. This could be one of the main reasons for the pressure 
increase besides the nozzle manufacturing accuracy.  

As shown in Table 8.1, the total efficiency decreases significantly from 
53.0 % to 42.9 % with the decrease of the mass flow from 0.03 kg/s to 
0.015 kg/s. Due to the decrease of the mass flow, the heat convection 
efficiency on the back-side of the receiver will also decrease. This in turn 
leads to the increase in wall temperature wallT  as seen in the experimental 
measurements of the wall temperature (the larger value measured by the 
two thermocouples on the wall) depicted in Table 8.1. It increases from 
329.6 °C to 435.2 °C with the decrease of the mass flow from 0.03 kg/s to 
0.015 kg/s. Therefore, both the radiation and convection heat losses will 
increase and finally cause the total efficiency decrease. 

Table 8.1 Testing results of the prototype receiver under various mass flow rates 
and receiver positions. 

RP 
(mm) 

m  
(kg/s) 

inletP  
(bar) 

P∆  
(bar) 

inletT  
(°C) 

outletT  
(°C) 

wallT
(°C) 

dC  tr−η  
(%) 

0 0.030 3.53 2.53×10-3 14.2 160.9 329.6 0.68 53.0 

0 0.025 3.03 2.05×10-3 14.3 180.7 354.3 0.68 49.8 

0 0.020 2.51 1.58×10-3 14.9 209.8 394.1 0.69 47.0 

0 0.017 2.21 1.15×10-3 15.4 234.7 419.5 0.73 45.0 

0 0.015 2.00 1.06×10-3 15.6 253.0 435.2 0.71 42.9 

 -50 0.020 2.51 1.50×10-3 15.2 207.8 376.5 0.71 46.5 

-50 0.015 1.98 1.10×10-3 15.6 248.7 417.5 0.70 42.2 
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Based on the CFD simulation results in Chapter 6, the thermal efficiency of 
a typical impinging receiver can reach 82%. Considering its 88% optical 
efficiency, the total efficiency can reach 72%.  However, the testing results 
show that the total efficiency of the prototype receiver only reaches 53%. 
The difference is significant. By analyzing the initial test set-up, the 
following reasons for the lower test efficiency can be identified:  

1. The insulation of the receiver is not sufficient, especially at front 
face and the cone surface on the backside. 

2. The receiver is installed horizontally which leads to a strongest 
natural convection condition [74]. Moreover, the ventilation system 
offers an average 3 m/s air flow so the combination of the natural 
and force convection heat loss can’t be neglected.  

3. The inner surfaces of the receiver casing are not oxidized, so the 
heat transfer trough the radiation inside the receiver is not as strong 
as anticipated. 

4. The average concentration ration offered by the HFSS is 277 
kW/m2, and it is relatively low when compared to 1.2 MW/m2 
offered by the Eurodish. 

5. The conductivity of the 253 MA is 20 W/(m·°C) at 400 °C and 28 
W/(m·°C) at 1000 °C. The heat resistance of the absorber wall 
increases; 

6. Due to the relatively low mass flow compared in the experiment 
compared to design operation, the heat convection efficiency on the 
back-side of the receiver is lower than anticipated. 

7. The emissivity on the side wall is still not as high as anticipated in 
the calculations as the oxidation with help of the acetylene burner is 
not complete on the side wall. The optical efficiency is lower than 
anticipated. 

When investigating the impact of the positioning of the receiver with 
respect to the focal plane, it is concluded that when the receiver moves 
away from the focal plane, the total efficiency will decrease due the 
decrease of the receiver optical efficiency, as shown in Table 8.1. 

Overall, the initial testing has revealed a number of important insights that 
need further investigation. The characters of these insights are twofold: 
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− Firstly, the test conditions need further adjustment to actually be 
able to reflect a real dish system and be conclusive concerning the 
demonstration of the receiver component effectiveness and 
efficiency. The two main issues are test bed concentration ratio and 
pre-heating of the flow into the receiver. Both issues shall be 
addressed in front of the follow-up experimental campaign as 
earlier mentioned in chapter 7.5. 

− Secondly the above listed reasons for the mis-match of predicted 
and measured receiver efficiency need to be addressed and 
investigated such that the relative contribution can be quantified. 
This process demands both further coupled radiation/CFD/heat 
transfer analyses and simulations that reflect the actual conditions 
in the lab test set-up. Sensitivity studies should be performed in 
order to understand the relative impact of the identified parameters 
that impact efficiency and back-to-back experiments shall be 
performed to confirm the simulation results. In this context, the 
instrumentation can be further improved. For example, the 
temperature measurement on the bottom region of the absorber is 
insufficient, so the overheating phenomenon of a non-oxidized 
absorber could only be studied qualitatively. 

Addressing the identified insights above concerning the first experimental 
tests demand a significant effort that unfortunately lies outside the current 
PhD thesis. But, the results are encouraging - especially the effectiveness of 
the impingement cooling has been demonstrated - and it is believed that the 
technical issues that need to be addressed have been clearly identified and 
can be managed in the follow-up studies such that this design will work as 
expected in a real dish plant. 
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Figure 8.7 Structure change at the air inlet of the receiver: (A) original design; (B) 
after repairing.  
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9 Conclusions and Future works 
 

9.1 Conclusions 

In this work, a novel solar receiver concept for a hybrid dish-Brayton 
system is developed based on a Compower® MGT and a Eurodish solar 
dish collector. Considering the problems in the traditional cavity receiver 
design, the impinging jet cooling technology is introduced in the cavity 
receiver design for managing the temperature in the solar peak flux region 
and for obtaining a relative uniform surface temperature. In order to quickly 
find possible cavity receiver design candidates, a novel inverse design 
method is developed based on a combination of a ray-tracing model and a 
heat transfer analytical model. By the implementation of the IDM, two 
receivers, based on SSiC ceramic material and austenitic stainless steel 253 
MA, have been designed.  

A numerical conjugate heat transfer model combined with a ray-tracing 
model was utilized for studying the detailed thermal performance of the 
impinging receiver design candidates. By analyzing the numerical results, 
the following conclusions have been drawn.  

• The inverse design method is verified to be an efficient pre-
processing method for quickly finding possible receiver designs 
before the CFD study. 

• 0.8 can be used as the discharge coefficient for the pressure drop 
calculation of the upstream rounded nozzle during the inverse 
design process. 

• For an SSiC based cavity receiver D240L250, the temperature 
peaks of all studied cases are below 1240 °C, which is significantly 
lower than the allowable working temperature of the SSiC material 
of 1600 °C. 

• The temperature distribution is affected by the solar flux 
distribution. The temperature peak decreases and ‘moves’ towards 
the bottom side with the increase of the cavity diameter. 
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• An austenitic stainless steel 253 MA based impinging receiver 
(D320L400t3d10n12) can perfectly match the design objectives.  

• A 82.7% thermal efficiency, 983 °C surface temperature peak, 130 
°C temperature difference and 2.179 % pressure drop can be 
obtained under a DNI input of 800 W/m2; 

Moreover, a novel Fresnel lenses based high flux solar simulator has been 
developed for the experimental testing of a prototype impinging receiver. 
For the final HFSS design, a total of 19.7 kW of radiative power is 
delivered on a 20 cm diameter target with a total optical efficiency of 
23.4% and a rim angle of 45°. The characteristics of the flux distribution 
appear highly axisymmetric with a peak flux of 6.73 MW/m², which can be 
extended to 8.61 MW/m² by adjusting the distance between lens and target 
to 1430mm. With a design based on standard commercially available 
components, the cost of the HFSS can be reduced to the level of 5,000 – 
10,000 USD per kWrad on target, up to 10 times cheaper than previous 
configurations. In the first initial testing, although the real power input is 
only 68.8% of the design power and the cold plated mirror back reflector 
efficiency only is 50% for the xenon lamp spectrum, the peak flux of the 
HFSS can still reach 4 MW/m2. Due to the fact that cold mirror coating is 
applied in the commercial search light, the total delivered radiant power is 
lower than the design radiant power and the focal spot shape is ‘slimmer’. 
Modifications of the back reflector coating and power supply units will 
improve the HFSS power and efficiency such as to reach the design target. 

A prototype impinging receiver based on austenitic stainless steel 253 MA, 
has finally been manufactured and tested with the help of the high flux 
solar simulator. Even though the boundary conditions of the test set-up do 
not completely mimic the operation of the solar dish yet, a number of 
important conclusions have been obtained:  

• A pre-oxidation process for the absorber is important for an alloy 
based impinging receiver, both regarding security and efficiency; 
The low emissivity of the non-pre-oxidized inner cavity has lead to 
a higher than predicted cavity reflectivity on the side walls, an 
over-heating of the bottom of the receiver cavity and a lower than 
predicted temperature on the cavity side-walls. The overall optical 
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efficiency with a non-oxidized surface is significantly lower than 
predicted in the simulations. 

• The measured efficiency was 53 percent at maximum and thereby 
significantly lower than the design efficiency of the receiver. An 
analysis of the different reasons has been performed and presented. 
A subsequent logic for follow-up studies and experimental tests has 
been suggested to improve both testing conditions and receiver 
operating efficiency 

• The pressure drop of the overall receiver is approximate 30% 
higher than the pressure drop predicted by the impinging jets only. 
It is concluded that the receiver inlet structure should be modified 
to reduce the total pressure drop.  

• Keeping a stable radiative power input, the receiver total efficiency 
decreases with the decrease of the air mass flow input. This is as 
expected as the relative impact of the radiation losses increase with 
increasing wall temperature  

 

9.2 Future works 

Due to the limited scope of a single PhD thesis, not all aspects of the 
verification of the receiver design could be addressed in the current work. 
There is still lots work to be performed before the potential large scale 
application of the impinging receiver. The following logic is proposed.  

• The experimental set-up should be closer to the real operating 
conditions of the solar dish. New parabolic reflectors with higher 
efficiency coating should be used to enhance the output power of 
the solar simulator; Moreover, electric heaters should also been 
installed for obtaining the correct receiver inlet boundary 
conditions; 

• A validating conjugate heat transfer simulation based on laboratory 
boundary conditions should be performed for studying the 
difference of the testing results between the solar simulator and the 
real dish system, and quantifying the relative magnitude of the 
identified reasons for lower than expected measured efficiency; 
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• Design-wise, the impact from the channel height (H/d) needs to be 
investigated in the near future. Normally, by reducing the value of 
H/d, a flatter Nusselt number distribution in the stagnation region 
will be obtained, which can help enhance the temperature 
uniformity in the stagnation region. However, the impact from the 
cross flow might increase;  

• A finite element method (FEM) model should be developed for a 
thermal stress study and structure optimization. Furthermore, 
temperature gradient analysis could be another parameter for 
modifying the IDM.  

• To analyze impact of the intermittency of the solar irradiation, a 
transient conjugate heat transfer study should be performed for 
studying the receiver transient characteristics, which is related to 
the thermal fatigue failure;  

• The impinging receiver testing on a real dish system should be 
performed  in the near future; 

• More high temperature materials need to be tested for the 
impinging receiver design, not only other ceramics and alloys, but 
also composite matrix materials; 

• The integrating study of an impinging receiver and fuel combustor 
should be performed for optimizing the system performance and 
achieving hybrid operation.  
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