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Abstract 
The cost of heliostats has a significant influence on the cost of central tower concentrating 
solar power systems. To address this issue there is a need for innovative heliostat designs 
that can reduce the heliostats’ cost without affecting its tracking performance. One way of 
reducing this cost is by utilizing lightweight sandwich composites in the design of the 
heliostat structure. However, there are some challenges in implementing such systems, 
particularly with respect to wind loads. In this respect, the aim of this study was to 
computationally investigate the interaction between the wind and sandwich composites 
employed as a heliostat mirror support structure.  
The results show that the maximum resultant displacement of the composite structure 
heliostat surface was within the commonly accepted limits for optical alignment. This 
demonstrates the potential for sandwich composites to be utilized in a lightweight heliostat 
support structure capable of withstanding wind loads. 

1. Introduction 
Central tower concentrating solar power (CSP) systems offer a promising option for 
electricity generation. Although central tower CSP systems offer a means of generating high 
temperatures achieving these high temperatures requires a large number of heliostats. Due 
to this large number of reflectors, heliostats represent the largest cost element of central 
tower (CSP) systems: almost 50% of the plant’s total cost (Kolb et al., 2007). This has 
encouraged the development of new innovative heliostat designs and solutions, aiming to 
reduce the heliostats’ cost without affecting its tracking performance.  
For both large and small-area heliostats, the drive element holds the most influence on the 
production cost of heliostats (Kolb et al., 2011). Large-area heliostats require a high-torque 
drive, due in part to the heavy mirror support structure that is generally designed from steel. 
A promising opportunity arises for reducing the cost of heliostats by reducing the mirror 
support structure’s total weight while maintaining the required strength to withstand the 
maximum bending and torsional loads during high winds.  
One possible solution is to use honeycomb sandwich composites due to their lightweight 
properties and high flexural stiffness (Heimbs et al., 2008; Ayub et al., 2011). This type of 
composite is frequently used in automotive, marine and aerospace structures and is formed 
by adhering two thin-face sheets to a low-density honeycomb core. By design, the 
honeycomb core is capable of withstanding transverse normal and shear loads (Zenkert, 
1997) while the faces handle both compressive and tensile loads due to bending.  



 
Given that honeycomb sandwich composites are widely integrated into many modern 
structural applications, this work set out to investigate their suitability for use as a heliostat 
mirror structure.  

2. Method 
In order to assess the suitability of honeycomb sandwich composites as a heliostat structure, 
particularly under wind loading, it was decided to perform a fluid structure interaction (FSI) 
study (combined computational fluid dynamics (CFD) and finite element analysis (FEA)). In 
doing this, it was assumed that the heliostat would consist of a 148 m2 rectangular sandwich 
composite plate mounted and supported by four steel attachments (Figure 1a). The 
heliostat’s sandwich composite structure (Figure 1b) was assumed to consist of a 300 mm 
thick aluminum honeycomb core sandwiched between two 0.3 mm aluminum skins with a 4 
mm thick glass mirror mounted on top surface of the sandwich composite.  

 
 

(a) Full-scale (b) Sandwich composite structure 
Figure 1. Sandwich composite-based heliostat 

 
In undertaking the analysis, the wind (i.e. the fluid) flow around the heliostat was modelled 
using ANSYS’s commercial CFD software, FLUENT 16.2. Because of its capability of 
predicting flow separation, the Shear Stress Transport (SST) k-ω turbulence model was used 
to resolve the turbulent field for this study (ANSYS, 2015). This model has been effectively 
employed in atmospheric boundary layer flow simulation in numerous studies (Jubayer and 
Hangan, 2014; Uzair et al., 2017).  
To ensure a sufficiently accurate simulation of the flow, the computational domain around the 
heliostat (Figure 2) was extended 10L downstream, to capture the wake of the heliostat, 5L 
upstream to allow the development of a boundary layer on the ground (a description and 
validation of this approach is provided in Appendix A) and 4L and 6L in the cross-and span-
wise directions respectively, where L is the heliostat chord length. The domain was 
discretised in space with an un-structured mesh, where finer grid elements were employed 
near the heliostat and in its wake region and the regions away from the heliostat were 
meshed with larger grid sizes (Figure 3). Mesh sensitivity analysis was performed to 
investigate the effect of grid sizes on the numerical results. Different grid sizes were tested to 
check their effects on the drag force coefficient experienced by the heliostat structure (Figure 
4). The grid independency test led to a domain consisting of approximately 13 million 
elements being used. The computational domain’s inlet was set as a velocity boundary with 
wind entering the domain at a velocity of 20 m/s (a Reynolds number of ~ 1.62 × 107 taking 
the chord length of the panel as the characteristic length). The domain’s outlet was set as a 
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zero gauge pressure boundary, and a stationary non-slip wall boundary was used for both 
the heliostat and the ground. A symmetry boundary was set at the remaining three sides of 
the computational domain, representing the external flow around the heliostat’s structure. 
The SST k-ω turbulence model constants used in this study are the same as those used by 
Uzair et al. (2018). Subsequently, CFD simulations were performed to determine the 
aerodynamic loads on the heliostat for tilt angles (θ) between 90° and -90° as shown in 
Figure 5. 

 
Figure 2. Computational domain 

 

 
Figure 3. CFD mesh around the heliostat 

 



 
 

 
Figure 4. Mesh independency test 

 
 

  
Figure 5. The Coordinate system used in the study 

To investigate the behaviour characteristics of the sandwich composite-based heliostat 
structure under wind loads, the predicted aerodynamic loads were then mapped to an FEA 
model of the sandwich composite-based heliostat (Figure 6) developed in the ANSYS/Static 
Structural package. This coupling strategy is a one-way coupling method (as shown in Figure 
7), which is less computationally intensive compared than the more complex unsteady two-
way approach. In addition, obtaining and verifying the flow characteristics and aerodynamic 
loads is simpler but more reliable than two-way FSI, where assuring solution convergence 
and accurate results cannot be guaranteed (Lee et al., 2017). That said, for the FEA fine 
meshes were generated (about 650,000 elements after performing mesh sensitivity analysis) 
to reduce any numerical instabilities when importing the aerodynamic loads from the CFD 
solver.  
 



 

 
Figure 6. FEA model of the heliostat structure 

 

 
Figure 7. One-way FSI process diagram 

Furthermore, rather than developing a fully detailed multi-cell honeycomb core model, the 
core was modelled using an equivalent three-dimensional orthotropic material model as 
suggested by Schwingshackl et al. (2006) and Sorohan et al. (2016). In doing this, the 
honeycomb core’s mechanical properties were calculated based on the geometrical 
properties of the honeycomb shape and the material characteristics using the relationships 
described by Nast (1997) and Gibson and Ashby (1997) (Appendix B). Table 1 lists the 
material properties of the aluminum sheets, along with the honeycomb’s geometrical 
properties and the core’s calculated properties. 
 

Table 1. Aluminum sheet and aluminum honeycomb core’s material properties 

Aluminum Mechanical Properties 

Mechanical Property Value Unit 

Modulus of elasticity (E) 6.9E10 Pa 



 
Poisson’s ratio (v) 0.33 - 

Shear modulus (G) 2.7E10 Pa 

Density (ρ) 2700 kg/m3 

Aluminum honeycomb core calculated mechanical 
properties 
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Core angle (φ) 30 deg 

Cell wall length (a) 6 mm 

Sheet thickness (t) 0.03 mm 
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Modulus of elasticity in 
direction 1 (E1) 2.91E04 Pa 

Modulus of elasticity in 
direction 2 (E2) 2.23E04 Pa 

Modulus of elasticity in 
direction 3 (E3) 5.31E08 Pa 

Poisson’s ratio in 
plane 1–2 (v12) 1.14 - 

Poisson’s ratio in 
plane 2–3 (v23) 1.39E-5 - 

Poisson’s ratio in 
plane 1–3 (v13) 1.81E-5 - 

Shear modulus in 
plane 1–2 (G12) 5.16E03 Pa 

Shear modulus in 
plane 2–3 (G23) 1.54E08 Pa 

Shear modulus in 
plane 1–3 (G13) 2.08E08 Pa 

Density of honeycomb 
core (ρhoneycomb) 15.59 kg/m3 

 

2.1. Validation 
Establishing an accurate FSI model for the sandwich composite-based heliostat required 
obtaining accurate CFD and FEA results. To evaluate the accuracy of the FSI model, both 
components were validated independently. For the CFD, the heliostat structure’s predicted 
mean drag and lift coefficients for multiple tilt angles were compared with experimental 
measurements presented by Peterka et al. (1986) and Google (2011) as shown in Figure 8. 



 
Both the drag and lift coefficient predicted values were found to correspond well with those of 
these previous two studies thus verifying the accuracy of the CFD model.  

 
(a) Drag coefficient 

 
(b) Lift coefficient 

Figure 8. Comparison of drag and lift coefficients at different tilt angles 
The FEA model, on the other hand, was validated against modal analysis results reported in 
Gong et al. (2012). Figure 9 shows the sandwich composite-based heliostat’s modal 
frequency results for the case when the structure is tilted at an angle of 90°. It can be seen 
that the results are in good agreement with literature data, thus demonstrating the validity of 
the present model. 



 

 
Figure 9. Comparison of mode frequencies of the sandwich composite-based heliostat 

3. Results and Discussion 
Having demonstrated the validity of the FSI method, Figure 10 shows in detail the wind 
pressure distributions on the heliostat at a 20 m/s wind speed for a range of tilt angles. For a 
90° tilt angle flow is perpendicular to the heliostat’s mirror surface which causes the flow’s 
velocity in the front of heliostat structure to move towards a stagnation condition (zero wind 
velocity). This results in high-pressure values at the middle of a span-wise line and 
decreases towards the edges. This is expected as the flow accelerates at the edges to 
maintain continuity and in doing so it creates low-pressure regions on the reflector’s surface. 
Progressively altering the tilt angle from θ = 90° to θ = 30° results in a shift in the high 
pressure region towards the lower edge of the reflector.  

Now for stow position (the 0° tilt angle), the wind loading has no noticable effect on the 
structure at this configuration compared to to the remaining angles of operation. This is due 
to the fact that the area in the front side of the reflector directly facing the wind is very small, 
allowing the incoming flow to become uniform and attached to the heliostat’s surface. 
However, what is noticable from the pressure coefficent distribution on the heliostat at this 
configurations (θ = 0°) (Figure 11) is that from the windward side the reflector’s back surface 
has greater wind pressures compared to the upper surface. This pressure difference results 
in large lift forces close to the windward edge. From the leeward side of the heliostat, on the 
other hand, the opposite occurs and wind pressures are higher at the reflective surface 
compared to the back surface. This is due to the depression region formed within the torque 
tube and the reflector’s back surface, causing high suctions to occur at the heliostat’s 
leeward side.  

As the heliostat strucutre is moved from the stow position to a -90° tilt angle (Figure 10), the 
incoming wind acts on the back surface of the heliostat directly, resulting in high-pressure 
values at the middle of the heliostat’s back surface. 
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Figure 10. Pressure distribution on the heliostat at wind speed of 20 m/s  

 

 
Figure 11. Surface pressure coefficient distribution on the stowed heliostat  

 
Having discussed the distributions of wind pressure on the heliostat surfaces, it was decided 
to evaluate the structural behaviour characteristics of the heliostat’s sandwich composite 
panel in great detail. Figure 12 presents the displacement distributions of the heliostat 
surface for the aforementioned tilt angles. 
At the tilt angle θ = 90°, the areas with maximum displacement values are located at the 
heliostat’s lower and upper edge regions, with higher displacement values located at the 
upper edge. As the structure’s tilt angle gradually decreases from θ = 90° to θ = 30°, the 
structure experiences larger displacement values at the reflector surface’s lower edge. This 
is due to, as addressed previously, the progressive shift in the high-pressure regions at the 
heliostat’s structure towards the lower edge as the tilt angle varies from 90° to 30°. 
As the structure’s tilt angle changes from θ = 30° to θ = 0°, the recorded maximum 
displacement values significantly decrease. This is due to, as discussed previously, the very 
small area in the front side of the reflector directly facing the wind that allows incoming flow 

Windward edge 

Leeward edge 



 
to become uniform and attached to the heliostat’s surface, causing a significant reduction in 
the wind loading effect on the heliostat structure. However, with that being said, the resultant 
lift forces close to the panel’s windward edge and the high suctions that occur at the leeward 
edge’s side, as discussed previously according to the distributions of wind pressure on the 
heliostat surfaces at this configuration (θ = 0°), causes its windward and leeward edges to 
deform in the upward and downward directions respectively. Despite the reduced wind 
loading and the deformations at this tilt angle, it should be noted that both wind speeds and 
turbulence levels are larger than those in operating positions (Emes et al., 2018).   
When the structure’s tilt angle alters from the stow position to a -90° tilt angle (heliostat’s 
back surface facing the wind), it is interesting to note that the maximum displacement values 
were slightly lower than the ones recorded when the flow is acting on the heliostat’s mirror 
surface, i.e. θ = 90° to θ = 30°. This is due to the the influence of the heliostat’s supporting 
components (i.e. pedestal, torque tube, steel attachments) on the incoming flow, causing a 
shielding effect.  
 

 

 

 
(a) θ = 90°  (b) θ = 60° 

 

 

 
(c) θ = 30°  (d) θ = 0° 

 

 

 
(e) θ = -30°  (f) θ = -60° 
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(g) θ = -90° 

Figure 12. Displacement distribution of the heliostat surface at wind speed of 20 m/s for 
different tilt angles 

 
In all of the cases studied, the largest resultant displacement is of 19.6 mm taking place at tilt 
angle of 30°. According to Kolb et al. (2007), the Sandia requirements defined the maximum 
allowable reflective surface displacement angle caused by wind to be 3.6 mRad. Based on 
the aforementioned requirement, Björkman (2014) presented an approach, demonstrated in 
Figure 13, to evaluate the performance of the heliostat’s reflective surface using the following 
triangular relationship (Equation (11)) to calculate the maximum allowable displacement:  

       (11) 
Using Equation 11, and given that the heliostat’s chord length is 11.84 m, the calculated 
maximum allowable deflection was found to be approximately ±21.3 mm. On this basis, the 
deformation of the structure from the simulation suggests that it is within the allowable 
threshold, and may be suitable for use as a heliostat. 
 

 
Figure 13. Interpretation of the reflective surface’s maximum allowable deflection 

 
Under the same worst case scenario, the highly stressed regions are located at the lower 
aluminum sheet of the sandwich panel, primarily at its junction with the supporting steel 
attachments (Figure 14). The calculated maximum von Mises equivalent stress is of 121.62 
MPa, which is well below the aluminum’s yield strength (280 MPa). This indicates the given 
heliostat’s composite structure, with an achieved weight reduction of approximately 20% 
compared to an existing 148 m2 steel-based heliostat manufactured by Advanced Thermal 
Systems (ATS) (Kolb et al., 2007), is unlikely to experience material failure and is expected 
to maintain a very high optical performance when subjected to a wind of 20 m/s and below. 

Heliostat chord length 

Deflection 3.6 mRad 

  



 

      
Figure 14. von Mises equivalent stress distributions at the lower aluminum sheet of 

the sandwich panel 

4. Conclusions 
The present study was undertaken to investigate the aero-structural robustness and 
behaviour characteristics of sandwich composites when employed as a heliostat mirror 
support structure by performing numerical fluid-structure interaction (FSI) simulations. The 
numerical FSI model’s accuracy was verified by comparing the CFD predictions of the 
heliostat’s mean drag and lift coefficients and the FEA modal frequency results with both 
experimental measurements and numerical results from previously published work. The 
obtained results showed reasonable agreement, confirming the validity of the FSI model. 
From this the study showed that, among all of the operational conditions investigated, the 
worst case is found to be at a tilt angle of 30°. According to the structural displacement 
distributions of the heliostat surface for the aforementioned tilt angle, the maximum resultant 
displacement is of 19.6 mm taking place at the lower edge of the reflector. This will not cause 
significantly detrimental effect on the reflector’s optical performance, according to relevant 
optical performance standards. Simulations also indicate no structural failure is predicted for 
the sandwich composite under the same worst case scenario according to the von Mises 
failure criterion. The overall result of this is that the proposed heliostat’s composite structure 
is unlikely to experience material failure and is expected to maintain a very high optical 
performance when subjected to a wind of 20 m/s and below. 
To deliver a much better understanding on how honeycomb sandwich composites respond 
under wind effects, future considerations of this work will involve performing the previously 
conducted analyses for additional wind speeds with various tilt and wind incidence angles. 
Furthermore, the sensitivity of the mirror displacements to the tensile and compressive 
loading on the composite panel structure, the structural fatigue of the steel support trusses 
and the bending and torsional loads on the torque tube needs also to be further investigated. 
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Appendix A 
As noted, the computational domain was extended upstream from the heliostat in order to 
allow the boundary layer to develop. Figure 15 illustrates that both the velocity and 
turbulence intensity profiles incident on the heliostat compare well with field experimental 
data collected by Hutchins et al. (2012) in a real atmospheric boundary layer. The obtained 
velocity and turbulence intensity profiles, demonstrate that the upstream extension of the 
computational domain was sufficient to allow the boundary layer to develop, with a 
turbulence intensity (Iu) of 14.6% measured at 10 meters above ground. Furthermore, this 
value falls within the range of turbulence intensities usually measured near the ground for an 
open field environment; between 11% for flat desert terrain and 17% for open country with 
isolated trees and buildings (Peterka and Derickson, 1992; Simiu and Scanlan, 1996). 
 

  
(a) Velocity profile  (b) Turbulence intensity profile 
Figure 25. Incident velocity and turbulence intensity profiles 

 
Appendix B 

Nomenclature 



 
t Sheet thickness E3 Aluminum honeycomb core modulus 

of elasticity in direction 3 

a Cell wall length v12 Aluminum honeycomb core Poisson’s 
ratio in plane 1–2 

φ Core angle v23 Aluminum honeycomb core Poisson’s 
ratio in plane 2–3  

E Modulus of elasticity of Aluminum v13 Aluminum honeycomb core Poisson’s 
ratio in plane 1–3  

v Poisson’s ratio of Aluminum G12 Aluminum honeycomb core shear 
modulus in plane 1–2  

G Shear modulus of Aluminum G23 Aluminum honeycomb core shear 
modulus in plane 2–3  

ρ Density of Aluminum G13 Aluminum honeycomb core shear 
modulus in plane 1–3  

E1 Aluminum honeycomb core modulus of 
elasticity in direction 1  

ρhoneycomb Density of Aluminum honeycomb core  

E2 Aluminum honeycomb core modulus of 
elasticity in direction 2  
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