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Abstract 

Bladed receivers use conventional receiver tube-banks rearranged into bladed structures to 

increase thermal and optical retention. This paper explores the impact of the blades upon the 

receiver’s convective losses for both windy and no-wind conditions. The modelling work 

suggests that the addition of blades increases convection levels but by acceptable amounts when 

compared to the reductions in radiative emissions.  

1. Introduction

Conventional central tower receivers consist of tube banks commonly arranged in either a flat 

panel or cylindrical format. It is proposed to improve the efficiency of a conventional flat panel 

receiver by reorganising the tube banks into a series of blades (Pye et al., 2016) forming quasi-

cavities which are expected to reduce operational radiative and reflective losses (Wang et al., 

2016). The impact of this reorganisation upon convection losses is not well understood and is 

the subject of this paper. A comparison is made between a flat receiver and several bladed 

configurations all constructed using the same mass of tube. This is to impose a level bases of 

receiver cost and mass on which to compare the different designs. Effectively this means that a 

constant tube length is maintained for the flat receiver and its bladed equivalents. Other 

constraints include: the use of long straight tubes made from industry approved materials, and 

using molten solar salt, as the heat transfer fluid (HTF) passing through the receiver tubes.  

2. Boundary Conditions

2.1. Receiver Definitions 

A flat receiver is assumed for the reference case, to suit a polar heliostat field layout. The 

reference flat receiver is constructed from tubes arranged vertically to form a 10 m high (H) by 

10 m wide (W) square receiver. The flat receiver considered has two flow paths as shown in 

Figure 1a. The HTF enters at 290℃ (𝑇𝐻𝑇𝐹 𝐼𝑛) and exits at 565℃ (𝑇𝐻𝑇𝐹 𝑂𝑢𝑡). 

For the bladed receiver (Figure 1b) we assume the same inlet and outlet temperatures for the 

HTF but the number of flow paths is defined by the number of blades (𝑁𝑏). Each path covers 

one blade and an adjacent section of the receiver’s back wall (Figure 1c). The bladed receiver 

is considered here in two configurations with the blades either oriented vertically or 

horizontally. Figure 1b shows an example of the horizontal configuration with 5 blades.  
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Figure 1. (a) Flat receiver tube path, (b) definition of bladed receiver dimensions and (c) 

the bladed receiver tube path. 

For determining wind speeds the centre of the receivers are assumed to be located 100 m above 

the ground level on a tower.  The tower structure immediately surrounding the receiver is 

included for convection heat loss modelling, and referred to as the support structure. This has 

been assumed to extend 1.5 m from the edge of the receivers back wall and 3 m behind. The 

receivers are evaluated with a forward pitch of 26° to the vertical, based on a previous study 

that considered a practical heliostat field (the Sandia NSTTF). This pitch gave the optimum 

optical efficiency for this study (Wang et al., 2016). The material properties of Haynes 230 

alloy are assumed for the receiver tubes, with constant outer diameter (𝑑𝑡𝑢𝑏𝑒) of 0.05 m, wall 

thickness (ttube) of 1.65 mm, wall conductivity (𝑘𝑡𝑢𝑏𝑒) of 20 W/m·K and a surface emissivity 

(𝜀𝑡𝑢𝑏𝑒) of 0.9. The receiver tube length (Ltube) is 2000 m.  

The bladed receivers have been grouped according to the area of their back wall which is 

considered to act as the focal plane for the heliostats.  We define a geometric ratio of the cross-

sectional area of the focal plane between the reference flat receiver and the bladed receiver 𝜙 =
𝐴𝑓𝑙𝑎𝑡 𝐴𝐵𝑊⁄ , where 𝐴𝑓𝑙𝑎𝑡 is the surface area of the flat receiver and 𝐴𝐵𝑊 the surface area of the 

bladed receiver’s back wall. ϕ=1 refers to the flat receiver. The maximum ϕ considered in this 

paper is four because of concerns of the ability to generate larger flux densities with a 

conventional heliostat field. Other terms referenced in this paper are: 

 Aperture Area (AAp) – which for the bladed receiver is calculated using: 

 𝐴𝐴𝑝 = (𝐻 ∙ 𝑊) + (2 ∙ 𝐿 ∙ 𝐻) + (2 ∙ 𝐿 ∙ 𝑊) ( 1 ) 

 Irradiated Area (AIrr) – calculated for all receivers using: 

 AIrr=Ltubedtube (2-
1

𝜙
) ( 2 ) 

 Blade length to space ratio (L/S) – where S is the distance between external parallel 

blade faces and L the length from the root to the tip of the blade (Figure 1b). 

The effect of assuming a constant tube length upon these terms is shown in Figure 2. The 

irradiated area is a function of the focal plane area ratio (ϕ) only, whereas aperture area and L/S 

are also a function of the number of blades. Here the tube diameter and hence length are 

maintained as defined above. 

(a) (c) (b) 



 

  

Figure 2. Impact of 𝑵𝒃 and ϕ on (a) the blade length to spacing ratio, (b) the receiver 

aperture area of a bladed receiver normalised against the flat receiver area and (c) the 

irradiated  surface area 

2.2. Surface Temperature Distribution 

For this paper a simplified estimation of the solar flux distribution, inspired by the work of 

(Sánchez-González et al., 2015), is assumed. The flux profile on the blade and back wall 

surfaces are as shown in Figure 3(a), maximum flux (�̇�𝑀𝑎𝑥) is assumed to be 1000 kW/m2 at 

the centre of each blade and back wall surface and linearly decays to �̇�𝑀𝑖𝑛 (200 kW/m2) at the 

outer edges. 

The incident flux is used to calculate the temperature difference due to conductivity heat 

transfer (∆𝑇𝑘) across the tube wall using ∆𝑇𝑘 =  �̇�𝑡𝑡𝑢𝑏𝑒 𝑘𝑡𝑢𝑏𝑒⁄ . 

The film temperature of the HTF is determined by considering the HTF bulk temperature and 

the incident flux distribution. In their molten salt receiver case study, Sanchez- González et al., 

(2015) showed the film temperature approaches the bulk temperature in regions where the flux 

was low (offset, ∆𝑇𝐵2𝐹, of approximately 35℃) and approaches the maximum operating 

temperature of the molten salt in regions of peak flux. Here we consider the maximum operating 

temperature of the molten salt (𝑇𝑆𝑎𝑙𝑡 𝑀𝑎𝑥.) to be 600°C (Falcone, 1986) and have approximated 

the bulk temperature to follow the linear profile shown in Figure 3(b). A breakdown of the tube 

surface temperature profile for each tube pass across the width of the blade or back wall is 

represented in Figure 3c.  

 

Figure 3. Assumed blade and back wall (a) incident flux distribution and (b) HTF bulk 

temperature. (c) Temperature profile definition used for each tube pass of the receiver. 

The bladed receiver surface temperature profile is shown in Figure 4a. For fair comparison, the 

flat receiver has equated regions of uniform bulk temperature (corresponding to the back wall 

region of the bladed case) and linear bulk temperature, as shown in Figure 4b. 
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Figure 4. (a) Bladed and (b) equivalent flat receiver surface temperature profiles 

2.3. Wind Conditions 

The NatHERS typical meteorological year (TMY) database for Alice Springs is used to inform 

the operating conditions for a concentrating solar power tower receiver1. The reference data is 

recorded 10 m above ground level and represents hourly averages for the wind speed and DNI. 

The reference wind speeds are converted to reflect wind speeds at the receiver height using the 

power law:  

  
UZ

UZref
= (

Z

Zref
)

n

 ( 3 ) 

where Uz (m/s) is the velocity at height Z (m), ref are the reference conditions and the exponent 

n accounts for the ground roughness typically 0.13–0.15 in open country (Perterka et al., 1992). 

Figure 5 shows the distribution of the annual direct normal irradiance budget with averaged 

hourly wind speed at the Alice Springs site. 98% of the annual energy budget is available at 

hourly averaged wind speeds of 10 m/s or less. 

 
Figure 5. Distribution of annual DNI budget with hourly averaged wind speed at a 

height of 100 m and definition of Richardson Number according to a 10 m high receiver 

with a uniform surface temperature of 863 K (average receiver temperature) 

Also, plotted in Figure 5 is the Richardson number of the flat reference receiver. The 

Richardson number, defined by Eq. 4, is a dimensionless number that expresses the ratio of the 

buoyancy and flow shear terms and is used to identify whether the convective losses are 

dominated by natural convection (Ri > 10), forced convection (Ri < 0.1) or a combination of 

the two (0.1 < Ri < 10) known as mixed convection. 

                                                 
1 Downloaded from http://www.uq.id.au/e.peterson/ on the 03/08/2015 
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  Ri =  
Gr

Re𝐻
2 =

𝑔𝛽𝑓(𝑇𝑠−𝑇∞)𝐻

𝑈2
 ( 4 ) 

Nearly 24% of the annual DNI budget is available when natural convection dominates the 

convection losses and the remaining 76% occurs in the mixed convection regime. 

The wind speeds for which the convective losses of the receivers will be assessed in this paper 

are 0 m/s, 3 m/s and 8 m/s, covering the natural and mixed convection conditions. The effects 

of wind direction are also simulated with headwinds (yaw 0°), side winds (yaw 90°), and 

tailwinds (yaw 180°). 

3. Radiative Heat Loss Model 

To gauge the significance of convective losses a comparison will be made with radiative losses. 

It is reported that the combined radiation and convection losses are typically in the range of five 

to fifteen percent of the peak incident energy at the receiver (Falcone, 1986). 

Radiation losses (�̇�𝑟𝑎𝑑) for the flat receiver are calculated using Eq. 5, assuming the radiant 

surface is diffuse and gray. The surface is assumed to be flat (ignoring curvature of tubes) and 

divided into n elements, each 0.05 × 0.05 m with surface temperature 𝑇𝑠. 

  �̇�𝑟𝑎𝑑 = ∑ 𝐴𝑖𝜎𝜀𝑡𝑢𝑏𝑒(𝑇𝑠,𝑖
4 − 𝑇∞

4 )𝑛
𝑖=0   ( 5 ) 

where 𝜎 is the Stefan-Boltzmann constant, 𝜀𝑡𝑢𝑏𝑒 the emissivity and 𝑇∞ the temperature of the 

surrounds. The explicit analytical correlation, Eq. 8, proposed by (Shabany, 2008) is used to 

estimate the bladed receiver losses, where  �̅� and �̅� are the blade length (L) and width (W) 

normalised with blade spacing (S). It assumes isothermal temperature (�̅�𝑐ℎ𝑎𝑛) to estimate the 

radiative loss from the channels between the blades. The total radiative loss from the bladed 

receiver (�̇�𝑏𝑙𝑎𝑑𝑒𝑑,𝑟𝑎𝑑) can be expressed using Eq. 6, including area outside the channels.  

  �̇�𝑏𝑙𝑎𝑑𝑒𝑑,𝑟𝑎𝑑 = (𝑁𝑏 − 1)�̇�𝑐ℎ,𝑟𝑎𝑑 + (𝑁𝑏𝑑𝑡𝑢𝑏𝑒(𝐻 + 2𝐿) + 2𝐿𝐻)𝜎𝜀𝑡𝑢𝑏𝑒(�̅�𝑟𝑒𝑐
4

− 𝑇∞
4 ) ( 6 ) 

 where: �̇�𝑐ℎ𝑎𝑛,𝑟𝑎𝑑= 𝜎(𝑆 + 2𝐿)𝑊 (�̅�𝑐ℎ𝑎𝑛
4

− 𝑇∞
4 ) (

1−𝜀𝑡𝑢𝑏𝑒

𝜀𝑡𝑢𝑏𝑒
+

1

𝐹𝑐ℎ𝑎𝑛−∞
)⁄  ( 7 ) 

 𝐹𝑐ℎ𝑎𝑛−∞ = 1 − (2�̅�((1 + �̅�2)1 2⁄ − 1) (2�̅��̅� + (1 + �̅�2)1 2⁄ − 1)⁄ ) ( 8 ) 

The bladed and flat receiver radiation results are shown in Figure 6. Bladed receiver 

configurations with 7 and 21 blades are selected for convective loss analysis. 

 
Figure 6. Radiative losses of flat and bladed receiver configurations according to Eq. 5 

and 6 respectively 

Accurate radiation estimates, considering the variable temperature profiles defined in §2.2 have 

been calculated using a total view factors model (Wang et al., 2016) for the 7 and 21 bladed 
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configurations. The results are provided in Table 1 and show a trend of error in the correlation 

results that increases with increasing ϕ. This is a result of the constant tube length assumption 

of this paper which results in larger L/S ratios for the larger ϕ designs which better enclose the 

hotter tubes at the base of the channels between the blades. 

Table 1. Comparison of view factor model and analytical correlation results of the 

radiation losses, non-isothermal and isothermal respectively, of bladed receiver 

configurations used in the convection simulations 

Focal 

Area 

Ratio 

7 Blades 21 Blades 

View Factor 

Radiation 

Correlation 

Radiation 

View Factor 

Radiation 

Correlation 

Radiation 

ϕ = 2 2.206 MW 2.147 MW 1.703 MW 1.717 MW 

ϕ = 4 1.706 MW 1.87 MW 1.031 MW 1.14 MW 

4. Computational Fluid Dynamics Modelling & Results 

Convection assessments of the receivers are performed using the open source CFD code 

OpenFOAM v3.0.1. Gmsh (Geuzaine et al., 2009) is used to generate geometry files and 

ParaView (Ahrens et al., 2005) is used to visualise the OpenFOAM results. 

4.1. Scale Model 

In CFD the level of detail achievable, and hence accuracy of the result, is related to the cell size 

that the domain is divided into. Part of the art of the CFD user is generating a mesh coarse 

enough to run within computational and time limitations whilst still attaining a true 

representation of the flow phenomenon. Too coarse a mesh and the accuracy is lost whilst too 

fine will result in long solve times. Here, to attain meaningful results for the large number of 

test cases a dimensional scale of 1/10th is imposed upon the CFD modelling. The estimated 

operational surface temperature of the full-scale receivers as defined in § 2.2, is maintained. 

The wind velocities are scaled using 𝑈𝑠 = √(𝑈2 𝐿𝑠)/𝐿, derived from equating the Richardson 

numbers of the full-scale and scaled (subscript s) scenarios, giving velocities of 0, 1 and 2.5 

m/s for the 0, 3 and 8 m/s speeds selected at full scale. 

The geometric properties of the receivers simulated in CFD are detailed in Table 2. 

Table 2. Geometric properties of the simulated receivers 

Number 

of blades 

Blade 

Orientation 

Focal Area 

Ratio  

(ϕ) 

Back Wall  

H × W  

(m) 

Blade 

L/S Ratio 

Aperture 

Area, AAp  

(m2) 

Irradiated 

Area, AIrr  

(m2) 

0 — 1 1 × 1 — 1 1 

7 vert & hori 2 0.707 × 0.707 0.902 0.786 1.507 

21 vert & hori 2 0.707 × 0.707 1.119 0.595 1.507 

7 vert & hori 4 0.5 × 0.5 2.765 0.679 1.765 

21 vert & hori 4 0.5 × 0.5 3.617 0.393 1.765 

  



 

4.2. Model Description 

A low Reynolds approach was adopted to accurately resolve the boundary layers close to the 

heated surfaces.  

All evaluations are performed using buoyantSimpleFoam, a steady-state solver for 

buoyant, turbulent flow of compressible fluids. The RANS k-ω Shear Stress Transport 

turbulence model selected for its well documented performance for resolving separated flows. 

Second order discretisation schemes are adopted for the convection terms. Thermophysical 

properties of air are calculated using the instantaneous pressure and temperature within each 

cell. Receiver temperature is fixed according to the distribution defined in §2.2. For the natural 

convection simulations, the external boundary was modelled as a total pressure boundary.  This 

was also specified as the outlet in the mixed convection schemes with the side boundaries 

modelled as slip walls and a fixed velocity at the inlet. 

4.3. Convergence Criteria 

The convergence of all simulations is set to 1×10-6 on all parameters except p_rgh which is 

set to 1×10-4.  These criteria were not met by all simulations due to the transient nature of the 

flow local to the blades. For these simulations, an average of the transient heat flux result over 

at least three cycles is used.   

4.4. Mesh Independence Study 

Meshes of 3.28, 4.48 and 11 million cells have been evaluated in the mesh convergence study. 

Their impact upon the receiver convective heat loss for the 21 horizontal bladed receiver in 

headwinds of 1 and 2.5 m/s are shown in Table 3. The mesh with 4.48 million cells and first 

wall cell height of 0.162 mm, giving maximum y+ values of 1.135 and 2.5 on the receiver and 

support structure respectively, are used for the CFD simulations. 

Table 3. Mesh independence study considering the convective loss of a 21 horizontally 

oriented bladed receiver when varying number of simulation cells. 

Number of Cells 

(106
) 

Convective Loss at 1 m/s 

(kW) 

Convective Loss at 2.5 m/s 

(kW) 

3.28 3.516 7.25 

4.48 3.634 (3.3 %) 7.282 (0.04%) 

11 3.707 (2.0 %) 7.338 (0.07%) 

4.5. Results 

4.5.1. Model Validation 

The only published work found to validate the convective loss modelling of a bladed like 

structure was presented by (Elenbaas, 1942) for natural convective losses of isothermally heated 

parallel plates oriented vertically. Convective losses from the receiver’s back wall are 

calculated using the correlation presented by (Churchill and Chu, 1975) for an isothermal flat 

plate.  All properties are calculated at the film temperature which is the average of the ambient 

and surface temperature. The CFD simulations of a 7 and 21 bladed receiver, heated 

isothermally to 590°C, are 6.7% and 5.5% less than the sum of the correlated results 

respectively. 



 

4.5.2. Natural Convection 

The convection results are presented as the average heat transfer coefficient (ℎ̅) and calculated 

using ℎ̅ = �̇�𝑐𝑜𝑛𝑣 𝐴𝐼𝑟𝑟(�̅�𝑟𝑒𝑐 − 𝑇∞)⁄  where, �̇�𝑐𝑜𝑛𝑣 is the convective power loss calculated using 

CFD and �̅�𝑟𝑒𝑐 the average temperature of the irradiated surface. This enables comparison of the 

results for the receivers with different irradiated surface areas. The natural convection results 

of the nine receiver configurations are plotted in Figure 7. 

              

 
Figure 7. Average heat transfer coefficients for the flat and bladed receiver designs in 

zero wind conditions. Blade orientation and focal plane area ratio defined in the legend. 

4.5.3. Mixed Convection 

The results for the 1 m/s and 2.5 m/s conditions are shown in Figure 7. The wind direction 

relative to the receiver face (yaw angle) is defined on the x-axis. 0° is a headwind, 90° a side 

wind and 180° a tailwind. 
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Figure 8. Average heat transfer coefficients for the flat  and bladed receiver 

configurations in 1 and 2.5 m/s wind approaching from three heading angles. Blade 

orientation and the focal plane area ratio defined in the legend. 

4.5.4. Convection and Radiation 

The absolute convection and radiation power losses of the flat and bladed receiver 

configurations are presented in Figure 9.  The convective data, under mixed convection 
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conditions, is reported as the average of the three wind directions and radiation values are taken 

from the full view factors model, not the correlation. 
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Figure 9. Convection and stacked convection–radiation losses for all reciver designs and 

wind speeds.  Convection losses for wind speeds of 1 and 2.5 m/s are averges of the three 

wind directions. The accurate radiation results form the view factors model used. 

5. Discussion 

Observations from the convection results presented in Figure 7 – Figure 9 are made below for 

each of the metrics discussed in this paper. 

 Focal plane area ratio (ϕ) – the most noticeable difference between the area ratios of 

1, 2 and 4 occurs due to the differences in irradiated area which is evident in the 

convection plots. ℎ̅ trends tend to hold for similar conditions. 

 Number of Blades (Nb) and Blade L/S Ratio – 21 bladed configurations consistently 

outperform those with 7 blades. Unlike the longer blades of the 7 blade receiver, the 

buoyant air from the shorter blades leaves the channels along the blade edge as well as 

the channel ends. This opposes ambient air from entering the channel and reduces 

convective losses. This is shown in Figure 10 using the results of the 2.5 m/s headwind 

simulations for the horizontal 7 and 21 bladed receivers. 
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Figure 10. Convective flux losses from (a) the 7 and (b) 21 bladed receiver surfaces. 

Streamlines show how the ambient 2.5 m/s wind passes aroung the receiver structure. 

Surface mesh also shown on the support structure faces and half the receiver. 

 Blade Orientation – Horizontal blades act to trap the buoyant air rising from the heated 

surfaces, forcing it to travel along the channels or across the blade tips. This acts to 

insulate the receiver surfaces from the colder ambient air. How the wake flow from the 

support structure interacts with the receiver face is also influenced by the blade 

orientation. Figure 11 shows how blade orientation in side winds causes a breakdown 

in the wake flow from the support structure and the flow in between the channels is 

dominated by vortical motion caused by flow tripping off the blade tips. 

 

Figure 11. Convective flux losses from (a) vertical and (b) horizontal oriented bladed 

receiver surfaces in 1 m/s sidewinds (passing from left to right in the images). Velocity 

contours plotted on a horizontal plane passing throught the reciver centre line. 

 Wind Speed and Direction – The complexity of the flow around the blades and 

supporting structure means that the changes in convection are not proportional to the 

wind speed. The wind direction and speed influence how the wake flow from the support 

structure interacts with the receiver (Figure 11). At 180° and 2.5 m/s the receiver sits in 

a low flow zone completely covering the receiver. Here the convection loss is mostly 

driven by buoyant flow, hence the low convective losses. 

Except for a couple of scenarios, the bladed receivers evaluated have greater absolute 

convective losses than the flat receiver. 

However, the size of these increases relative to the reductions in radiation of the bladed receiver 

is small. Of the configurations simulated the best performing set up according to the wind 

direction averaged metric is the 21 horizontally bladed receiver with a focal plane area ratio of 

4, offering savings in total heat loss of 63%, 48% and 52% at 0, 1 and 2.5 m/s wind speeds 

compared to a flat receiver in the same conditions. 

(a) (b) 

q (W/m2) 

(a) (b) 

q (W/m2) 



 

The best performing design with a focal plane area ratio of 2 is also the 21 horizontally bladed 

receiver with savings of 43%, 29% and 31% at 0, 1 and 2.5m/s wind speeds compared with the 

flat receiver under the same conditions. 

6. Conclusions 

The numerical models used in this paper have been developed using best CFD modelling 

practise but without validation against experimental data. Convection testing of a scaled version 

of the bladed receiver in a wind tunnel will be used to validate the model in a future paper. 

The work suggests bladed receivers on average have greater convective losses than 

conventional flat receivers when constraining the designs to an equal tube length. The link made 

between blade length and number of blades by the assumption of constant pipe mass in this 

study is an important one which ultimately leads to the conclusion that increasing the number 

of blades reduces the convective emissions across the range of wind conditions considered. 

Increases in convective losses are small when also considering their savings in radiative losses, 

supporting the continued evaluation of bladed receivers as a new, more efficient solar thermal 

receiver. 

The assumptions of flux concentration, flux distribution and geometric scaling made in this 

paper require further refinement to enable more accurate estimations of the operational 

performance of a bladed receiver. 
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