
1 

 

The efficiency of an open-cavity tubular solar receiver for a small-scale solar thermal Brayton 

cycle 

 

W.G. Le Roux
a 

T. Bello-Ochende*
b 

J.P. Meyer
a 

aDepartment of Mechanical and Aeronautical Engineering, University of Pretoria,  

Private Bag X20, Hatfield, Pretoria, 0028, South Africa 

bDepartment of Mechanical Engineering, University of Cape Town, 

Private Bag X3, Rondebosch, 7701, South Africa 

E-mail address: willemleroux@gmail.com, tunde.bello-ochende@uct.ac.za, josua.meyer@up.ac.za 

*Corresponding author: Tel: +27 21 650 3673; fax: +27 21 650 3240 

E-mail address: tunde.bello-ochende@uct.ac.za  

 

Abstract 

 

The first law and second law efficiencies are determined for a stainless steel closed-tube open rectangular cavity solar 

receiver. It is to be used in a small-scale solar thermal Brayton cycle using a micro-turbine with low compressor 

pressure ratios. There are many different variables at play to model the air temperature increase of the air running 

through such a receiver. These variables include concentrator shape, concentrator diameter, concentrator rim angle, 

concentrator reflectivity, concentrator optical error, solar tracking error, receiver aperture area, receiver material, effect 

of wind, receiver tube diameter, inlet temperature and mass flow rate through the receiver. All these variables are 

considered in this paper. The Brayton cycle requires very high receiver surface temperatures in order to be successful. 

These high temperatures, however, have many disadvantages in terms of heat loss from the receiver, especially 

radiation heat loss. With the help of ray-tracing software, SolTrace, and receiver modelling techniques, an optimum 

receiver-to-concentrator-area ratio of A’ ≈ 0.0035 was found for a concentrator with 45° rim angle, 10 mrad optical 

error and 1° tracking error. A method to determine the temperature profile and net heat transfer rate along the length of 

the receiver tube is presented. Receiver efficiencies are shown in terms of mass flow rate, receiver tube diameter, 

pressure drop, maximum receiver surface temperature and inlet temperature of the working fluid. For a 4.8 m diameter 

parabolic dish, the larger the receiver tube diameter and the smaller the mass flow rate through the receiver, the higher 

the receiver surface temperature and the less efficient the collector becomes. However, the smaller the receiver tube 

diameter, the higher the pressure drop through the tube and the smaller the second law efficiency. It was found that the 
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receiver with larger tube diameter would perform better in a solar thermal Brayton cycle. An overall solar-to-heat 

efficiency of between 45% and 70% is attainable for the solar collector using the open-cavity receiver.  
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1. Introduction and background 

 

1.1. The solar thermal Brayton cycle 

 

The closed Brayton cycle was developed in the 1930s for power applications [1]. The technology was adapted to the 

design and development of solar thermal Brayton cycles for space power in the 1960s, with the success of lightweight 

and high-performance gas turbines for aircraft. Testing of the solar thermal Brayton cycle proved high reliability and 

efficiencies above 30% with turbine inlet temperatures of between 1 033 K and 1 144 K [1]. 

This paper investigates an open-cavity receiver used in a small-scale solar thermal Brayton cycle with micro-turbine. 

The open Brayton cycle uses air as working fluid, which makes this cycle very attractive for use in water-scarce 

countries. The open and direct solar thermal Brayton cycle is shown in Fig. 1 [2]. The parabolic dish concentrator is 

used to reflect and concentrate the sun’s rays onto the receiver aperture so that the solar heat can be absorbed by the 

inner walls of the receiver. The heat is then transferred to the working fluid (air). The compressor increases the air 

pressure before the air is heated in the receiver. The compressed and heated air expands in the turbine, which produces 

rotational power for the compressor and the electric load.  

In the recuperator, hot exhaust air preheats the colder air before it enters the receiver. For the solar thermal Brayton 

cycle, high recuperator effectiveness is mostly chosen to maximise efficiency [1]. The recuperator in the cycle assists 

the receiver in heating the air from ambient temperature. The recuperator also allows for lower operating pressures in 

the receiver. The receiver in this paper is a low-pressure receiver as it is to be operated with low-pressure turbo-

machinery operating between 1.3 and 2.5 times the ambient pressure [2-5]. According to [6], solarised Brayton micro-

turbines are adapted from the small stationary gas turbine market, which allows for lower costs due to high production 

quantities in the stationary market.  

The importance of optimising the components of the solar thermal Brayton cycle for a common goal is emphasised. A 

solar receiver might be designed for high efficiency; however, when coupled to a Brayton cycle, it might not perform 

well, due to it not being optimised to achieve a common goal together with the other components. A variety of 

parametric studies were done on different variations of the Brayton cycle and the solar thermal Brayton cycle. A 

parametric study on the closed recuperative Brayton cycle was done [7]. A closed recuperative Brayton cycle with 
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intercooling [8] and with both intercooling and reheat [9] was also modelled and parametric studies were done. The 

efficiency and power output of these cycles were optimised. A closed recuperative solar thermal Brayton cycle with 

helium as working fluid was also studied [10]. The small-scale solar thermal Brayton cycle with recuperator has been 

thermodynamically optimised in recent work [2-5].  

 

1.2. Solar cavity receiver 

 

Solar receivers can be divided into tubular, volumetric and particle receivers. A chronological review of the volumetric 

solar receivers of most interest for electricity production in the 10 MW - 200 MW range was published [11]. A 

summary of the latest volumetric, particle and tubular receivers studied for central receiver (tower) plants is also 

available [12]. A particle receiver is demonstrated by [13]. The tubular receiver studied in this paper, however, is for 

output in the small-scale range of 1 kW – 100 kW. 

 

1.2.1. Temperature and efficiency 

A solar cavity receiver is used to capture the solar radiation coming from the dish concentrator (Fig. 1). Equation (1) 

shows how the overall efficiency of the solar thermal Brayton cycle is calculated.  

 

BCRECreflBCcolSTBC  
          (1) 

 

where 

 

opticalrecREC              (2)
 

 

For the open and direct solar thermal Brayton cycle, the maximum receiver surface temperature is very important. The 

higher this temperature, the better the Brayton cycle will perform [4], but also the more heat will be lost to the 

environment. In addition, the higher this temperature, the less receiver material choices are available. Most Brayton 

cycles are not self-sustaining at operating temperatures below 480 °C [14]. For open-cavity receivers, overall collector 

efficiencies of between 60% and 70% are attainable with state-of-the-art systems operated in the temperature range of 

500 °C – 900 °C with an optimum area ratio of 0009.00004.0  A  [15]. 

A number of high-temperature and high-efficiency receivers are available from the literature. These receivers are 

mostly not optimised to perform well in a small-scale solar thermal Brayton cycle. Typical receiver efficiencies and 
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experimental data that have been obtained with pressurised volumetric receivers and tubular receivers are shown in 

Table 1. These receivers operate at higher pressures than which are studied in this paper. The receiver efficiency found 

in this work can be compared with the efficiencies of the state-of-the art receivers shown in Table 1. The receiver 

efficiency is defined as 

 

  solarreflopticalinoutpnetrec QTTcmQQ   /*/ 0 
        (3)

 

 

A tubular open-cavity solar receiver as a heat source for an 11 kWe recuperative Brayton cycle using Cb-1Zr-alloy 

together with Li-F heat storage with 1 120 K as melting temperature was successfully tested in 1972 [16]. A mixture of 

helium and xenon was used as working fluid. Such a receiver with heat storage was also modelled by [17]. In this 

receiver, the flow is divided into tubes flowing across the length of the receiver cavity. It was found by [18] and [19] 

that the receiver output power (and therefore efficiency) increases for a tubular receiver, as the flow rate increases, 

while the air exit temperature decreases. Inconel 600 was used for a tubular solar receiver by [18], supplying about 

700 °C as a pre-heater for a secondary solar receiver.  

The design of tubular air receivers is challenging due to the combined effects of thermal oxidation, material creep, 

pressur-induced stress, daily thermal cycling, and thermal shocks [20]. A lifetime study was done [20] for a 4 MW solar 

receiver made of Inconel 617 operating at 900 kPa. A turbine inlet temperature of 1 120 K is a necessary upper limit for 

tube reliability [20]. The bent tube in a receiver coil is very flexible and thus reduces mechanical stresses from thermal 

expansion of the tube material [21]. A small-scale Brayton tubular silicon carbide receiver with an aperture diameter of 

72 mm and a 17 m
2
 dish area was proposed by [22]. The receiver is designed to heat air up to 1 500 K. 

 

1.2.2. Shape and design 

For the same receiver cavity aperture and insulation thickness, cavity geometry has almost no effect on system 

efficiency [15, 23]. The primary effects of cavity geometry and concentrator rim angle are to vary the flux distribution 

on the inner-receiver walls. According to [23], manufacturing and assembly errors and unideal sunlight create a bigger 

solar spot in the focal region of a dish and a non-uniformity of heat flux distribution or local overheating in the cavity 

receiver. An upside-down pear-shaped cavity receiver would be the best to prevent local overheating in the cavity 

receiver [23]. The study included the effects of slope error and sun-shape but excluded the effects of tracking and 

specularity error. 

For a volumetric solar receiver coupled with the Brayton cycle, a pressurised volumetric receiver is required and thus a 

window cover must be used. According to [11], many studies have demonstrated that the window poses a difficult 
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design problem. The problems are related to optical properties, mechanical strength, sealing and cooling capabilities, 

variable working temperatures and stress-free installation. A novel pressurised volumetric air cavity receiver without a 

glass window was presented by [19]. The receiver has an outlet temperature of 1 000 °C at 10 bar, with predicted 

thermal efficiency of 78%. 

According to [15], the use of a closed-cavity receiver with an aperture window may be questionable since radiation and 

convection heat losses could be in the neighbourhood of 12% of the energy entering the cavity, while a fused quartz or 

other high-temperature window will have an overall transmittance in the neighbourhood of 90%. In addition, there will 

still be radiant and conduction losses associated with the aperture window. The use of a window may thus only 

introduce an additional system cost. It should be noted that the optimum receiver aperture sizes found by [15] were very 

small, since more accurate optics and tracking were considered. In an open Brayton cycle using air as working fluid and 

with less accurate optics, however, a larger receiver is required and therefore the radiation and convection heat losses 

can be much higher. The use of a window might be beneficial, especially as the receiver aperture size increases. The use 

of a glass window with a specific coating often works well at lower temperatures. However, at the high temperatures 

being investigated in this paper, these coatings are often not available. The study of a receiver with a quartz glass cover 

is available from [24]. In their work, a maximum temperature of 1 073 K was investigated.  

 

1.3. Summary of the objectives 

 

The receiver presented in this work is a rectangular open-cavity receiver constructed with a stainless steel tube through 

which air flows (See Fig. 2). Air enters the tube at the bottom of the receiver and heated air exits at the top. The receiver 

tube forms the inner wall of the open-cavity receiver. For this specific open-cavity receiver design coupled with a solar 

thermal Brayton cycle, an optimum mass flow rate and receiver tube diameter must exist for the system to deliver 

maximum net power output. The benefit of the receiver investigated in this paper is that it will be a simple, low-cost 

receiver, since it operates at low pressure [2-5]. The authors wish to optimise this specific design of receiver. The 

authors are well aware of other receiver designs available from the literature, for example, [11-13, 16, 18, 19, 21-30] 

and receivers referred to by [5]. However, these receivers often come with added costs and complexity. The size of the 

receiver aperture can be optimised by considering factors such as heat loss and errors due to the solar dish and tracking 

system. The aim of the paper is to propose a method for determining the receiver surface temperatures and receiver 

efficiencies for various sizes of cavities with different tube diameters. With this method, the entropy generation rate due 

to such a receiver can be obtained and used to determine the net power output of a solar thermal Brayton cycle [5].  
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2. Modelling and governing equations 

 

The factors contributing to the temperature profile and net heat transfer rate on the receiver wall can be divided into two 

components: geometry-dependent and temperature-dependent. 

The geometry-dependent factors include the concentrator dish with its optics: tracking error, reflectance, spillage and 

shadowing. The effects of these factors can be found with SolTrace. For a specific ratio of receiver aperture area vs. 

concentrator area, A’, the solar heat flux available at the different wall positions in the open-cavity receiver can be 

determined, irrespective of receiver temperature. 

The temperature-dependent factors include radiation heat loss to the environment, reradiation from the inner-cavity 

walls, convection heat loss and conduction heat loss. These factors depend on the surface temperatures at the different 

parts of the receiver.  

 

2.1. Solar dish and tracking system 

 

2.1.1. Solar tracking error 

A two-axis tracking system is modelled for the dish-mounted solar receiver to ensure that the sun’s rays stay focused on 

the receiver aperture throughout a typical day. From the literature, typical solar tracking errors of 0.1° – 0.3° [31], 0.2° 

[32], 0.4° [33], 0.6° – 0.7° [34], less than 1° [35], 1° [36] and ±1° - 2° commercially [37] were identified. Error due to 

wind loading is also a measurable quantity [37]. The accuracy of the tracking system is often an important factor for the 

total cost of a system. A two-axis solar tracking error range of 0° to 2° is considered in this work. 

 

2.1.2. Reflectance, slope error and specularity error 

A concentrator dish has to reflect the sun’s rays onto the receiver. The rim angle of the parabolic dish determines where 

its focal point is. Dish manufacturing and installation errors can change the position of the focal point. For a solar 

concentrator, good reflectance and specular reflection of the entire terrestrial solar spectrum are important [14, 38, 39]. 

According to [14], a typical total effective error is 6.7 mrad. According to [40], a typical slope error for a stretched 

membrane dish is around 3 mrad. Typical slope errors are 1.75, 3 and 5 mrad, while specularity errors range between 0 

and 3.84 mrad [41]. According to [42], 3 mrad is a typically acceptable value for a specularity error of a parabolic 

trough mirror material. In this work, the effect of reflectivity and optical errors on the intercepted heat rate and surface 

temperature of an open-cavity receiver is investigated. 
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2.1.3. SolTrace modelling 

SolTrace is a software tool developed at the National Renewable Energy Laboratory (NREL) to model concentrating 

solar power optical systems and analyse their performance. SolTrace is recommended by [43] as a free and readily 

available plant performance code for solar receiver research. Figure 3 shows an example of the use of SolTrace for this 

study. A parabolic dish rim angle of 45° is investigated. In SolTrace, optical errors in the range of 0 to 50 mrad and 

tracking errors in the range of 0° to 2° are investigated to determine the effect on the performance of the open-cavity 

receiver. According to SolTrace, the optical error of the dish is determined from the slope error and specularity error as 

shown in Eq. (4). 

 

  2/1224 yspecularitslopeoptical                                                                                   
(4) 

 

A pillbox sun-shape is assumed in the analysis since a Gaussian sun-shape is not recommended for highly accurate 

systems. The parameter for the pillbox, being a flat distribution, is simply the half-angle width, chosen as 4.65 mrad. 

SolTrace also includes the effect of the shade of the receiver on the concentrator. SolTrace is used to get the solar power 

available at different sizes of receiver apertures. It is also used to get the solar heat flux available at the inner walls of 

the receiver. The reflectance of the cavity walls is assumed to be 15% (oxidised stainless steel), and SolTrace accounts 

for this reflectance to determine the final solar heat flux available. The radiation heat flux from the inner walls of the 

receiver onto the other inner walls is temperature-dependent and cannot be modelled by SolTrace.  

 

2.2. Receiver modelling 

 

The receiver model is shown in Fig. 4. The receiver (Fig. 2) is covered with insulation. The heat loss from the receiver 

consists of convection, radiation and conduction heat loss. For the rectangular cavity receiver studied in this paper, the 

depth of the receiver is equal to 2a. 

The net heat transfer rate at the receiver tube is  

 

convlosscondlossradlossnet QQQQQ ,,,*            (5) 

 

The different methods of modelling heat loss from an open-cavity receiver are available from [15, 44-52] in the form of 

conduction, convection and radiation heat loss.  
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2.2.1. Conduction heat loss 

For the receiver insulation, a high-temperature ceramic fibre insulation can be used. The conduction heat loss rate can 

be calculated with Eq. (6) by assuming an average wind speed of 2.5 m/s for Pretoria. Note that an average surrounding 

temperature of 300 K and atmospheric pressure of 86.6 kPa is assumed throughout the paper. 

 

     AktAhTTRTTAQ insinsouteravestotalavescondloss //1// ,,,  


       (6)
 

 

An insulation thickness of tins = 0.1 m is assumed for the receiver walls. An average insulation conductivity of 

0.061 W/mK at 550 °C is assumed [15]. The convection heat transfer coefficient on the outside of the insulation is 

determined by assuming a combination of natural convection and forced convection due to wind. It is assumed that the 

receiver will be operating at an average angle of 45° for most of its lifetime in Pretoria and that the wind will mostly be 

either from the side or the back, since the dish would be shielding the receiver from wind. It is assumed that the effect 

of wind on the insulation is compared with forced convection on a flat plate for two sides of the receiver and for the 

receiver top, and compared with a rectangular shape in forced convection for the other two sides of the receiver. The 

Nusselt number for forced convection for the combined laminar and turbulent flow over the receiver insulation on the 

sides in parallel with the wind direction is [53]: 

 

3/18.0

1 Pr)871Re037.0(/  Lside kLhNu
          (7)

 

 

The Nusselt number for forced convection on the other sides of the receiver is [54]: 

 

3/1675.0

2 PrRe102.0/  kLhNu side           (8)
 

 

The Nusselt number for natural convection on the vertical sides of the receiver is [55]: 

 

4/1
59.0 LRaNu              (9)

 

 

It is assumed that the Nusselt number for natural convection on the upper tilted side of the receiver is the same as the 

lower tilted side [53]:   
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  4/14/1
cos59.0 LRaNu                       (10)

 

 

where   is 45°. 

 

For the combined natural and forced convection, the Nusselt number is [53, 56]: 

 

  5.3/15.35.3

naturalforcedcombined NuNuNu 
                   (11) 

 

From these equations, in the range of receiver apertures of up to 2 m diameter, assuming an average heat transfer 

coefficient over the whole receiver, it was found that 

 

86.1)//1(  insinsouter kth
                     (12) 

 

The emissivity of the ceramic fibre insulation is assumed to be 0.9 at normal temperatures [57]. For the purpose of this 

paper, the heat loss from the receiver insulation due to radiation is neglected as the surface temperature of the insulation 

is assumed to be close to the environment temperature. 

 

2.2.2. Radiation heat loss 

The total radiation heat loss rate from the receiver aperture can be calculated with Eq. (13): 

 

 44

,,  TTAQ avesapradloss                      (13) 

 

The view factor is important when determining the temperature profile on the receiver tube. The receiver is built up 

with a stainless steel tube. When calculating the temperature profile, the radiation heat loss rate and heat gain rate at 

different sections of the inner wall are determined with the use of Eq. (14): 

 

 


 
N

j

jsjnsnjnnn TTFAQ
1

4

,

4

,                     (14) 
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A surface coating is often used to create low emissivity for low radiation heat loss. From the literature, many different 

coatings are available [58-61]. Most of these coatings cannot operate at the high temperatures studied in this paper. The 

use of black chromium (with high absorptivity and low emissivity) is not recommended on components subjected to 

temperatures in excess of 700 °C [62].  

For steel containing high chromium, emissivity is usually lower because of the chromium oxide protection layer. The 

emissivity value becomes fairly constant after an initial three-hour heating during which the surface oxidation becomes 

fully developed [63]. Thus, when a polished stainless steel tube is exposed to high temperatures, it will eventually 

become highly oxidised and have emissivity of 0.7 or lower [64, 65]. According to [66], types 309, 310 or 446 stainless 

steels are most suitable for high operating temperatures. Types 310 and 314 are also recommended by [67] as they offer 

good scaling resistance. The absorptance of oxidised stainless steel at 100 °C can be in the region of 0.85 – 0.9 while 

the emitance is in the region of only 0.1 – 0.2 [68]. Absorptivity and emissivity for different stainless steels at different 

temperatures are available from the literature [63, 69-72]. 

 

2.2.3. Convection heat loss 

For convection heat loss, the available heat loss models are often limited to specific cases and temperatures. According 

to [44], the operating temperature range used by the Koenig and Marvin heat loss model for natural convection heat loss 

is considerably higher (valid up to 900 °C) than any other heat loss model in their study. The convection heat loss rate 

from the open-cavity receiver is therefore determined according to the Koenig and Marvin heat loss model [15] since it 

was designed to model heat loss from higher-temperature receivers. The convection heat transfer coefficient for a cavity 

receiver will depend on its shape, the orientation of the aperture with respect to the wind direction, the wind speed as 

well as skirting or baffling placed around the aperture [15]. With no attempt to suppress forced convection, heat loss 

due to convection may be as much as three [73] to four [15] times the magnitude of natural convection heat loss in a 

4.5 m/s – 11 m/s wind depending on the receiver temperature. If a wind skirt is used, forced convection heat loss may 

be roughly twice the magnitude of the natural convection heat loss [15]. Natural convection heat loss is the highest 

when the receiver aperture face is in the vertical plane and negligible when the aperture is facing straight down. Overall, 

the effects of wind on convection heat loss are the greatest for wind blowing parallel to the aperture and the smallest for 

wind blowing directly into the aperture [73]. When the aperture is facing opposite to the wind direction, convection heat 

loss is not much higher than for natural convection heat loss [15].  

The convection heat loss rate from the open-cavity receiver surface is determined from [15] as follows:  

 

   4/1
Pr52.0/ Lcav GrBkhLNu 

                     (15)
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where 

 

   2.3cosB  if  450  ,    2.2cos707.0B  if  9045                                 (16) 

 

and 

 

  23 /  TTgLGr sL                          (17)
 

 

with 

 



22a
L 

                        (18) 

 

propT/1
                        (19) 

 

 TTT sprop 16/316/11
                       (20) 

 

The convection heat loss rate from the open-cavity receiver aperture is calculated with Eq. (21): 

 

  TThAQ avesapconvloss ,, 9
                      (21) 

 

Similarly, the convection heat loss rate from each tube section is calculated with Eq. (22):   

 

  TTAhQ nsnnnconvloss ,,,


                      (22) 

 

2.2.4. Pressure drop 

For a fixed receiver aperture area, the larger the receiver tube diameter, the shorter the tube length will be and the 

smaller the pressure drop. A larger receiver tube diameter will also result in a smaller pressure drop due to bends since, 
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for the shorter tube, less bends or corners will be required to construct the rectangular cavity receiver. The pressure drop 

through the tube is calculated as [53, 74]: 
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                     (23)

 

 

where f  is determined from the Colebrook equation [75] for rough stainless steel and the K-values are determined 

from [74] for standard 90° bends, available for the specific tube diameter being studied.  

 

3. Methodology and numerical methods 

 

3.1. Preliminary study 

 

Firstly, a preliminary study is done to determine the optimum receiver aperture area vs. the dish concentrator area, A’. 

The efficiency of the optical capturing of solar power depends on this ratio. In addition, the reflectivity of the dish is 

assumed 100% to keep the data relevant for different concentrator reflectivities. In the preliminary study, the receiver 

surface temperature is assumed to be constant at 1 150 K, so that the average heat loss rate from the entire cavity 

receiver can be determined. It is assumed that the net heat transfer rate and heat loss rate from the receiver are functions 

of the area ratio, A’. Note that some of the equations were reduced to linear equations as a function of the area ratio, A’, 

to make the results relevant for all sizes of collectors. The largest error in making this assumption was R
2 

= 0.997 with a 

regression line. 

 

3.2. Method to determine receiver tube surface temperatures and net heat transfer rates 

 

The temperature profile on the inner-cavity walls, which is the receiver tube surface, is determined by dividing the tube 

into a number of equally sized sections. The temperature profile on the receiver walls depends on the size of the 

receiver and concentrator. In this paper, a concentrator diameter of 4.8 m is used for the analysis and the temperature 
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profile of its receiver is determined. The optimum receiver size, as determined in the preliminary study, is used. The 

dish surface is modelled as aluminium with reflectivity of 85%. The temperature profile and net heat transfer rate 

through the pipe can be determined as follows:  
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since the fluid temperature at the centre of a control volume under consideration is  
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and 

 

 nfnsnnnet TThAQ ,,, 
                              (26)

 

 

where Tin,0 is the temperature of the air at the inlet of the receiver. Tin,n is calculated from the heat gained at the previous 

sections. The following set of equations is also required to solve the surface temperatures and the rates of heat transfer 

into the pipe at the different sections of the pipe’s length. Using Eqs. (24) and (27), an equal number of equations and 

variables are available to be solved. 
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since  

 

ncondlossnconvlossnradlossnnnet QQQQQ ,,,,,,, *                       (28) 
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and  
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                (29) 

 

Using Gaussian elimination and MATLAB, the surface temperatures (Ts,n) and net heat transfer rates (
nnetQ ,

 ) can be 

obtained. For heat loss to other tubes, in the range between 1 000 K and 1 300 K, it is assumed that 4

,nsT  (see Eq. (29)) 

is a linear function of Ts,n (see Fig. 5) in the form of m1Ts,n+c1 (see Eq. (27)).  For convection heat loss from surface 

temperatures between 900 K and 1 350 K, a linear function for the heat loss rate was also determined and used in the 

analysis. The largest error in making these assumptions was R
2
 = 0.988. These heat loss functions had to be linearised 

so that simple Gaussian elimination could be used to determine the surface temperatures and net heat transfer rates at 

each section of the receiver tube wall. 

The conductivity of the stainless steel tube at the considered temperatures is assumed to be 30 W/mK [67], and thus the 

thermal resistance due to conductivity through the tube wall of 2 mm thickness is neglected. 

 

3.3. Entropy generation rate 

 

The entropy generation rate in the open-cavity receiver of a solar thermal Brayton cycle (see [2-5]) is determined with 

the following equation: 
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Equation (31) gives a good indication of how the receiver would perform in the solar thermal Brayton cycle 
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where T* is assumed to be equal to 4 350 K [5] and Pin = 180 kPa [4]. 

 

4. Results and discussion 

 

4.1. Preliminary results 

 

Figures 6 and 7 show the solar power available at the aperture of a rectangular open-cavity receiver, relative to the solar 

power available after being concentrated at the dish, as determined with SolTrace. The results show that, for small 

optical errors, the optimum area ratio increases as the tracking error increases. Note that these results should still be 

multiplied with the reflectivity of the concentrator dish and 
solarQ  to determine the available solar power at the receiver 

aperture. These results are valid for all sizes of dish collectors. 

By assuming an average receiver surface temperature of 1 150 K in the preliminary study, the heat losses from the 

receiver due to conduction, radiation and convection were determined. Figures 8 – 11 show the overall receiver 

efficiency, which is the product of the optical efficiency and the receiver efficiency as shown in Eq. (2). Figure 10 

shows the effect of surface emissivity. It shows that a much higher overall receiver efficiency could be expected if a 

high-temperature surface coating was available with emissivity of only 0.2. For a tracking error of 1° and an optical 

error of 10 mrad, the optimum area ratio for a rectangular open-cavity receiver with parabolic dish is determined from 

Fig. 9. An optimum ratio of 0035.0A  is identified from Fig. 9, where the accompanying optical efficiency is 92.3% 

(see Fig. 7). Note that A’ is the optimum ratio of receiver aperture area to concentrator aperture area. Also note that this 

is an optimum for a concentrator rim angle of 45°, tracking error of 1°, optical error of 10 mrad, average receiver 

surface temperature of 1 150 K, receiver surface emissivity of 0.7, 0.1 m ceramic fibre insulation thickness and an 

assumed average wind speed of 2.5 m/s. This optimum area ratio is, however, also valid for a surface emissivity of 0.2 

(see Fig. 10). In addition, note that the results should still be multiplied with the reflectance of the concentrator dish 

surface and 
solarQ  to determine the total net heat transfer rate in the receiver. 

The optimum ratio found is valid for all sizes of dish concentrators. The optimum ratio can be compared with the 

optimum ratios of 0007.0A  [76], 0009.00004.0  A [15] and 00024.0A [22] found in the literature. The 

optimum ratio found by [15] and [76] is much smaller than found in this work because of more accurate optics assumed 

in their studies – tracking error is not included in their studies, thus the tracking error is 0°. The results found by [15] 

do, however, compare well with the optimum area ratio found in Fig. 8 for a tracking error of 0° and optical error of 

5 mrad. [22] also found a much smaller optimum ratio, since their silicon carbide receiver operates at a much higher 

temperature, which would intensify heat loss significantly.  
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Figure 11 shows the effect of a tracking error of 2° with a surface emissivity of 0.2. For a surface emissivity of 0.7 and 

2° tracking error, the overall receiver efficiency is very low (less than 20%) and is not shown. A tracking error of more 

than 1° is thus not favourable. 

 

4.2. Receiver solar heat flux profile 

 

In the previous section, results showed that an optimum area ratio of A’ = 0.0035 can be used for a system with tracking 

error of 1° and 10 mrad optical error. For this optimum area ratio, tracking error and optical error, the solar heat flux 

rate at the different parts of the different walls of the receiver is shown in Figs. 12 and 13, as was found with SolTrace. 

These results were obtained by assuming that the inner walls of the cavity receiver were flat surfaces. Note that these 

solar heat flux rates are for a parabolic concentrator rim angle of 45°. Also note that the results should be multiplied 

with the reflectance of the concentrator dish to determine the available solar heat flux rate at the receiver inner walls. A 

solar beam irradiance of I = 1 000 W/m
2
 was used to generate the results. Note that 4/2

concsolar DIQ  . The results are 

also valid for different solar beam irradiances if multiplied with the beam irradiance ratio. These solar heat flux rates are 

valid for all sizes of open rectangular cavity receivers with the ratio of A’ ≈ 0.0035. The results show that the higher the 

tracking error, the larger the heat flux rate at the bottom parts of the one side of the receiver. 

 

4.3. Temperature profile and net heat transfer rate of receiver tube 

 

The receiver surface temperature at the different positions of the tube and the net heat transfer rate available for air 

heating will depend on the receiver size, mass flow rate through the receiver, receiver tube diameter, receiver inlet 

temperature and dish reflectivity. Thus, a receiver with aperture of 0.25 m x 0.25 m and a dish concentrator diameter of 

4.8 m with 85% reflectivity was chosen. The depth of the receiver is 0.5 m, as the receiver is rectangular. The results 

were found in MATLAB by solving Eqs. (24) and (27) simultaneously using Gaussian elimination. The view factors for 

the different tube sections are shown in Tables 2, 3 and 4, as determined with view factor relations available from [53]. 

Note that, for the analysis, the receiver tube of the rectangular cavity is divided into a number of sections as determined 

with Eq. (32): 

 

  dadadaN /9//24                        (32) 
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The results shown in Fig. 14 and Fig. 15 give the tube surface temperature and net heat transfer rate at the different 

positions of a 0.05 m diameter tube used in an open-cavity rectangular receiver with square aperture side length of 

a = 0.25 m and an inlet temperature of 1 070 K. The increase in fluid temperature is also shown. A mass flow rate of 

0.07 kg/s is used. The overall collector efficiency, 
col , for 0° tracking error is 44% whereas, for a tracking error of 1°, 

the overall collector efficiency is 39%. This efficiency can be improved by improving the reflectance of the 

concentrator, by changing the receiver design or surface coating or by altering the mass flow rate, inlet temperature and 

tube diameter. Note that for A’ ≈ 0.0035, the accompanying optical efficiency at 0° tracking error is 99.6% and at 1° 

tracking error, the optical efficiency is 92.3% (see Fig. 6 and Fig. 7). The optimum system mass flow rate for a solar 

thermal Brayton cycle as a function of concentrator diameter was found by [2] and can be approximated with Eq. (33): 

 

1773.00626.00097.00002.0 23  concconcconcopt DDDm
                  (33) 

 

For a tube diameter of 0.0833 m, a mass flow rate of 0.08 kg/s and an inlet temperature of 1 000 K, the results are 

shown in Fig. 16 and 17. These results are very similar to those presented in Fig. 14 and 15, except for the higher net 

heat transfer rates and lower temperatures. 

Tables 5 - 7 show the effects of mass flow rate, receiver tube air inlet temperature and tube diameter on the efficiency of 

the receiver (net heat transfer rate vs. available solar power), pressure drop, and maximum receiver surface temperature. 

The receiver performance can be compared with the efficiencies of other solar receivers from the literature (Table 1). It 

is concluded that the higher the inlet temperature, the less efficient the receiver becomes and the higher the maximum 

receiver surface temperature. For the tracking error of 1°, the receiver efficiency and average surface temperature are 

less. For higher efficiency, lower inlet temperatures are beneficial so that lower surface temperatures are present; 

however, for the Brayton cycle, a larger outlet temperature would be beneficial. Thus, a high receiver efficiency is not 

necessarily beneficial for the system as a whole. It is also concluded that the higher the mass flow rate, the lower the 

surface temperatures and the more efficient the receiver. This was also found in the literature by [18] and [19]. Again, 

note that a higher mass flow rate is not necessarily beneficial for the system as a whole, since the pressure drop 

increases and the outlet temperature decreases.  

 

4.4. Effect of wind 

 

The net heat transfer rate and tube surface temperature profile are affected by the wind, as shown in Fig. 18, by 

assuming that the convection heat transfer coefficient is roughly 10 times the natural convection heat transfer 
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coefficient. The collector efficiency comes down to 10%, which shows that the effect of wind should be considered 

when modelling the cavity receiver. 

 

4.5. Entropy generation rate due to the solar receiver 

 

The second law efficiency is presented in Tables 5 - 7 as a function of mass flow rate and receiver tube size. The 

entropy generation rate as shown in Eq. (30) can be used in an optimisation equation such as given by [5] to determine 

the best receiver tube size, recuperator geometry and micro-turbine to be used in a small-scale solar thermal Brayton 

cycle for maximum net power output. The second law efficiency can be used as an indicator when choosing a receiver 

tube diameter. In Tables 5 - 7, 
ndLaw2  increases as d and Tin,0 increase while 

rec
 
decreases, indicating that a large tube 

diameter is beneficial in a small-scale solar thermal Brayton cycle. The smaller tube diameter allows for higher 

efficiency but due to the high pressure drop, a much lower second law efficiency is obtained and indicates that a larger 

tube would be more beneficial. As the mass flow rate increases, 
rec  increases, while 

ndLaw2  decreases or stays 

constant when the tube diameter is large. The highest 
ndLaw2  was found when the tube diameter and inlet temperature 

are large and mass flow rate is small. However, these variables would also create a very high surface temperature. If the 

surface temperature is restricted to 1 200 K, a larger mass flow rate and lower inlet temperature can still provide high 

second law efficiencies, when a large tube diameter is used. 

  

5. Conclusion 

 

Heat loss from a proposed closed-tube open-cavity solar receiver made of stainless steel was modelled. This solar 

receiver is used in a small-scale solar thermal Brayton cycle using a micro-turbine with small compressor pressure 

ratios. From the results given, the optimum receiver aperture area can be determined for any dish size, tracking error 

and optical error. An optimum receiver-to-concentrator-area ratio of A’ ≈ 0.0035 was found in this paper for a 

concentrator with 45° rim angle, 1° tracking error and 10 mrad optical error. These errors are allowed for dish 

misalignment, manufacturing and installation. A method to determine the temperature profile and net heat transfer rate 

profile of the receiver tube was also presented. For a 4.8 m diameter dish with optimised receiver aperture area of A’ = 

0.0035, it was shown that the larger the receiver tube and the smaller the mass flow rate, the higher the receiver surface 

temperature and the less efficient the collector becomes. However, the smaller the receiver tube, the higher the pressure 

drop through the tube and the higher the entropy generation rate. The larger tube diameters will, however, have a lower 

pressure drop, which can be much more valuable when used in the solar thermal Brayton cycle. Furthermore, it was 
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shown that the receiver efficiency can be upgraded by increasing the dish reflectivity by using a high-temperature 

receiver coating with low emissivity and by increasing the accuracy of the optics and dish surface. Future work would 

consist of the experimental testing of such a receiver for comparison with the results found. The efficiencies found in 

this work compare well with other solar receivers from the literature. The limiting factor on maximum second law 

efficiency is the receiver surface temperature. Receivers are often designed to give high exit temperature and high 

efficiency; however, the work showed that the second law efficiency, or the ability of the receiver to be combined with 

the solar thermal Brayton cycle, is more important.  
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Nomenclature 

 

a  Receiver aperture side length, m
 

A  Area, m
2
  

A’  Area ratio (Aap/Aconc) 

B  Function of   

c1  Constant used in linear equation 

c2  Constant used in linear equation 

cp0  Constant pressure specific heat, J/kgK  

d Receiver tube diameter, m  

D  Diameter, m 

f  Friction factor 

F  View factor 

g  Gravitational constant, m/s
2
 

Gr  Grasshof number  

h Heat transfer coefficient, W/m
2
K 

I Direct normal solar irradiance, W/m
2
 

k Thermal conductivity, W/mK 

K Friction loss coefficient 

L  Length, m 

m1  Slope of linear equation 
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m2  Slope of linear equation 

m  System mass flow rate, kg/s 

N  Number of tube sections 

Nu  Nusselt number 

P  Pressure, Pa 

Pr  Prandtl number 

q   Heat flux rate, W/m
2
 

Q   Heat transfer rate, W 

*Q  Rate of available solar heat at receiver cavity, W 

lossQ
 Rate of heat loss from the cavity receiver, W 

netQ
 Net heat transfer rate, W 

R  Thermal resistance, K/W 

R  Gas constant, J/kgK 

Ra  Raleigh number 

Re  Reynolds number 

genS  Entropy generation rate, W/K 

t Thickness, m 

T  Temperature, K 

T*  Apparent exergy-source sun temperature, K 

V Velocity, m/s 

W   Power, W 

 

Greek symbols 

β  Coefficient of volume expansion, 1/K 

   Emissivity 

σ  Stefan-Boltzmann constant, W/m
2
K 

   Density, kg/m
3
 

   Elevation of tracking system (sun’s elevation from horizontal) 

   Collector efficiency 
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   Kinematic viscosity, m
2
/s 

   Error, mrad 

 

Subscripts 

0  Initial inlet to receiver 

2ndLaw  As determined with the second law of thermodynamics 

air  Of the air 

ap  Aperture 

ave  Average 

BC  Brayton cycle 

c  Compressor 

cav  For the cavity 

col  Overall for the collector 

combined Combined 

conc  Concentrator 

cond  Due to conduction 

conv  Due to convection 

f  Fluid 

forced  Due to forced convection 

in  At the inlet 

ins  Insulation 

L  Based on the length 

max  Maximum 

n  Tube section number 

natural  Due to natural convection 

net  Net  

opt  Optimum 

optical  Optical 

out  At the outlet 

outer  On the outside of the insulation 

prop  At which the properties are evaluated 

rec  Receiver 
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refl  Due to concentrator reflectivity 

rad  Due to radiation 

REC  For the receiver including optical efficiency 

s  Surface 

side1  At the sides of the receiver in parallel with the wind direction 

side2  At the sides of the receiver normal to the wind direction 

slope  Slope 

solar  Direct normal irradiance from the sun 

specularity Specularity 

STBC  Solar thermal Brayton cycle 

t  Turbine 

total  Total 

∞  Environment 
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Fig. 1. The open and direct solar thermal Brayton cycle. 

 

 

 

 

 
Fig. 2. A rectangular open-cavity solar receiver. 
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Fig. 3. Example of an analysis done in SolTrace for the solar dish and receiver. 

 

 

Fig. 4. Heat loss from the open-cavity receiver.  
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Fig. 5. Regression line for Ts
4
  with R

2
-value of 0.988. 

 

 

Fig. 6. Optical efficiency for a tracking error of 0°.  
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Fig. 7. Optical efficiency for a tracking error of 1°. 

 

 
Fig. 8. Overall receiver efficiency for a tracking error of 0° with receiver surface emissivity of 0.7.  
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Fig. 9. Overall receiver efficiency for a tracking error of 1° with receiver surface emissivity of 0.7. 

 

 
Fig. 10. Overall receiver efficiency for a tracking error of 1° with receiver surface emissivity of 0.2. 
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Fig. 11. Overall receiver efficiency for a tracking error of 2° with a receiver surface emissivity of 0.2. 

 

 
Fig. 12. Heat flux rate at different positions on the different receiver inner walls for a tracking error of 0°. 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.002 0.004 0.006 0.008 0.01

Optical error = 5 mrad

Optical error = 20 mrad

Optical error = 35 mrad

Optical error = 50 mrad

0

10

20

30

40

50

60

70

80

90

100

1 2 3 4 5 6 7 8 9 10

H
e

at
 fl

u
x 

(k
W

/m
^2

)

Position - bottom to top

Top

Side1

Opposite Side1

Side2

Opposite Side 2



34 

 

 
Fig. 13. Heat flux rate at different positions on the different receiver inner walls for a tracking error of 1°. 

 

 

 
Fig. 14. Temperatures and net heat transfer rates for a 50 mm receiver tube diameter with a tracking error of 0° and 

optical error of 10 mrad.  
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Fig. 15. Temperatures and net heat transfer rates for a 50 mm receiver tube diameter with a tracking error of 1° and 

optical error of 10 mrad. 

 

 

 
Fig. 16. Temperatures and net heat transfer rates for an 83.3 mm receiver tube diameter with a tracking error of 0° and 

optical error of 10 mrad. 
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Fig. 17. Temperatures and net heat transfer rates for an 83.3 mm receiver tube diameter with a tracking error of 1° and 

optical error of 10 mrad. 

 

 

 

Fig. 18. Temperatures and net heat transfer rates for an 83.3 mm receiver tube diameter with a tracking error of 0°, 

optical error of 10 mrad and excessively heavy wind. 
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Table 1.  

Efficiencies of different solar receivers. 

Receiver type Reference number 

or model 
rec  Tout (K) Tin 

(K) 

P (kPa) m  

(kg/s) 

Working 

fluid 

ΔP 

(Pa) 

Pressurised 

volumetric [11] 

PLVCR-5 71% 1 323 - 420 - Air - 

PLVCR-500 57% 1 233  300 415 - Air - 

DIAPR [27] 79% 1 477  308 1 800 0.0222 Air 25 000 

REFOS [28] 67% 1 073 - 1 500 - Air 1 800 

Tubular [16] 51%* 1 089 865 370 0.73 He-Xe  7 000 

[18] - 1 023  300 1 600 - 1 900 0.01 Air 40 000 

[21] - 823 573 650 - Air 10 000 

[22] 82% 1 500** - 760 0.0093 Air 40 

[29] 43% 1076 876 384 0.526 Air 7 330 

[29] 39.7% 1055 871 375 0.516 Air 7 400 

Solugas [30] - 873 598 850 5.6 Air  

*calculated by authors 

**proposed 
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Table 2.  

View factors for tube sections in the different parts of the receiver (for d = 0.05 m). 

Tube position 

(View factor 

from) 

View factor to Number 

of 

transfers 

View factor 

Top wall Aperture 1 0.07 

Other 40  0.0233 

Side wall Top 5 0.0233 

Across 1 0.05 

Left 1 0.085 

Right 1 0.085 

Aperture 1 0.116 

Other 27 0.0211 

 

 

 

Table 3.  

View factors for tube sections in the different parts of the receiver (for d = 0.0625 m). 

Tube position 

(View factor 

from) 

View factor to Number 

of 

transfers 

View factor 

Top wall Aperture 1 0.07 

Other 32  0.0291 

Side wall Top 4 0.0291 

Across 1 0.0625 

Left 1 0.1 

Right 1 0.1 

Aperture 1 0.116 

Other 21 0.0241 
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Table 4.  

View factors for tube sections in the different parts of the receiver (for d = 0.0833 m). 

Tube position 

(View factor 

from) 

View factor to Number 

of 

transfers 

View factor 

Top wall Aperture 1 0.07 

Other 24 0.0388 

Side wall Top 3 0.0388 

Across 1 0.0833 

Left 1 0.115 

Right 1 0.115 

Aperture 1 0.116 

Other 15 0.0303 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.  

Efficiencies of the cavity receiver with d = 0.05 m. 

 

Tracking error = 0° 

 

 

Tracking error = 1° 

 

 
 

m  

(kg/s) 
0,inT
 

(K)
 rec  

ndLaw2  
max,sT  

(K) 

avesT ,
 

(K) 
rec  ndLaw2  

max,sT  

(K) 

avesT ,
 

(K) 

P  
(kPa) 

0.06 900 0.66 0.67 1083 1032 0.65 0.66 1069 1024 56.0 

0.06 1000 0.57 0.70 1159 1113 0.54 0.69 1153 1104 56.0 

0.06 1070 0.50 0.72 1214 1169 0.47 0.71 1211 1160 56.0 

0.07 900 0.69 0.62 1064 1016 0.66 0.61 1050 1009 75.1 

0.07 1000 0.58 0.65 1143 1099 0.56 0.64 1136 1092 75.1 

0.07 1070 0.51 0.67 1199 1157 0.48 0.66 1196 1150 75.1 

0.08 900 0.70 0.55 1049 1004 0.69 0.54 1037 998 97.0 

0.08 1000 0.60 0.58 1130 1089 0.57 0.57 1124 1082 97.0 

0.08 1070 0.52 0.60 1187 1148 0.48 0.58 1185 1141 97.0 

 

 

 

 

  



40 

 

Table 6.  

Efficiencies of the cavity receiver with d = 0.0625 m. 

 

Tracking error = 0° 

 

 

Tracking error = 1° 

 

 
 

m  

(kg/s) 
0,inT
 

(K)
 rec  

ndLaw2  
max,sT  

(K) 

avesT ,
 

(K) 
rec  ndLaw2  

max,sT  

(K) 

avesT ,
 

(K) 

P  
(kPa) 

0.06 900 0.64 0.73 1100 1049 0.61 0.72 1098 1035 17.2 

0.06 1000 0.55 0.75 1178 1128 0.51 0.75 1179 1113 17.2 

0.06 1070 0.48 0.77 1233 1182 0.45 0.77 1236 1168 17.2 

0.07 900 0.66 0.71 1079 1033 0.62 0.70 1079 1020 23.0 

0.07 1000 0.57 0.74 1160 1113 0.52 0.73 1163 1101 23.0 

0.07 1070 0.50 0.76 1217 1170 0.46 0.75 1221 1157 23.0 

0.08 900 0.68 0.69 1063 1020 0.65 0.68 1064 1008 29.6 

0.08 1000 0.58 0.72 1146 1102 0.55 0.71 1149 1091 29.6 

0.08 1070 0.51 0.74 1204 1160 0.47 0.73 1209 1149 29.6 

 

 

 

 

 

 

 

 

Table 7.  

Efficiencies of the cavity receiver with d = 0.0833 m. 

 

Tracking error = 0° 

 

 

Tracking error = 1° 

 

 
 

m  

(kg/s) 
0,inT
 

(K)
 rec  ndLaw2  

max,sT  

(K) 

avesT ,
 

(K) 
rec  ndLaw2  

max,sT  

(K) 

avesT ,
 

(K) 

P  
(kPa) 

0.06 900 0.61 0.75 1129 1080 0.60 0.75 1154 1067 3.73 

0.06 1000 0.52 0.78 1203 1153 0.50 0.78 1231 1141 3.73 

0.06 1070 0.45 0.80 1254 1205 0.43 0.80 1285 1193 3.73 

0.07 900 0.63 0.75 1108 1062 0.62 0.75 1133 1051 4.99 

0.07 1000 0.53 0.78 1185 1138 0.52 0.78 1213 1127 4.99 

0.07 1070 0.48 0.79 1238 1191 0.45 0.79 1268 1181 4.99 

0.08 900 0.64 0.75 1091 1047 0.64 0.75 1037 1116 6.41 

0.08 1000 0.55 0.78 1170 1126 0.54 0.77 1197 1116 6.41 

0.08 1070 0.48 0.79 1225 1181 0.46 0.79 1254 1171 6.41 
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