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Fluid-structure interaction analysis of a lightweight sandwich
composite structure for solar central receiver heliostats

Sulaiman O. Fadlallaha , Timothy N. Andersonb , and Roy J. Natesb

aSchool of Computing and Engineering, University of Huddersfield, Huddersfield, UK; bDepartment of
Mechanical Engineering, Auckland University of Technology, Auckland, New Zealand

ABSTRACT
Central tower concentrating solar power systems are moving to the fore-
front to become the technology of choice for generating renewable electri-
city, but their widespread implementation is limited by cost. Heliostats
contribute almost 50% to the plant’s cost and are thus the most significant
element in central tower systems. For both large and small-area heliostats,
the drive elements demonstrate the largest cost element in these systems.
While large-area heliostats (>100m2) have proven offer the best economy
compared to other sizes, they require high-torque drives due to the heavy
steel-based support structure. Heliostat costs could be reduced by decreas-
ing the support structure’s weight, avoiding large drive units and reducing
energy consumption. However, the structure must be able to cope with
the aerodynamic loads imposed upon them during operation. Although
honeycomb sandwich composites have been widely used where high
structural rigidity and low weight are desired, there is an absence of stud-
ies that rigorously investigated their suitability as the structure for heliostat
mirror. Here, a fluid-structure interaction study investigated, for several
loading conditions at various tilt and wind incidence angles, the aero-struc-
tural behavior characteristics of honeycomb sandwich composites used as
a heliostat support structure. The honeycomb sandwich panel showed
markedly different behavior characteristics at various operational condi-
tions. The effect of tilt orientation on the sandwich panel’s maximum
deflection and stresses became more pronounced as wind velocity
increased above 10m/s, and increasing wind incidence angle reduced their
magnitudes at different rates. The supporting components and torque
tube had a noticeable wind-shielding effect, causing pronounced changes
in the deflection and stresses experienced by the heliostat. The worst oper-
ational condition was at a tilt angle of 30� with wind flow of 20m/s at 0�
to the heliostat surface. However, the heliostat maintained its structural
integrity according to relevant optical and material failure standards.
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1. Introduction

Of all the renewable technologies available today for large-scale electricity production, central
tower concentrating solar power (CSP) systems are marching to the forefront as they have the
capability to become the technology of choice for the generation of renewable electricity (Behar,
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Khellaf, and Mohammedi 2013). Central tower CSP systems consist of a field of flat mirrors, also
known as heliostats, that track the sun along two axes and reflect and concentrate the solar beam
radiation onto a central receiver located at the top of a large tower. The receiver heats up and
transmits heat to a heat transfer fluid that is then gets pumped down to conventional thermal
power generation systems for electricity production. Central tower CSP systems can achieve high
operating temperatures of the order of 1000 �C or even higher, qualifying these systems for ther-
mal electric power production in the range of 10–1000MW (Goswami 2015).

The potential for solar central tower systems to achieve high temperatures offers a path to
higher efficiencies, thereby providing an inherent advantage over other CSP systems (i.e., Linear
Fresnel, parabolic troughs, parabolic dishes). However, achieving these high temperatures requires
a large number of heliostats. A 100MW central tower power plant would require nearly one mil-
lion square meters of glass heliostats, corresponding to approximately 10,000, 100m2 heliostats
(Mancini 2000). Due to this large number of reflectors, heliostats represent the largest cost elem-
ent in central tower CSP systems: almost 50% of the plant’s total cost (Kolb et al. 2007). This has
encouraged the development of innovative heliostat designs and solutions, aimed at reducing
heliostats’ cost without affecting their tracking performance, to enable the cost of energy from
central tower plants to be competitive with fossil fuels (Mancini 2000; Pfahl et al. 2017).

Amongst the major components of a typical heliostat (reflective mirror module, back support
structure, drive, torque tube and pedestal), for both large and small-area heliostats, the drive element
(the component that rotates the structure to direct solar irradiation to the specified point location)
has the greatest effect on heliostat production costs (Kolb et al. 2011), contributing approximately
30% of the total cost of small heliostats and approximately 27% of large ones. For large-area helio-
stats (>100m2), because of the heavy mirror support structure that is generally designed from steel,
these reflectors require a high-torque drive. Kolb et al. provided a relationship between the drive’s
torque capacity and the heliostat’s drive cost (Kolb et al. 2007). It was found that the torque capacity
has a substantial impact on the drive cost and, so a promising opportunity arises for reducing the
cost of heliostats by reducing the support structure’s total weight while maintaining the heliostat’s
tracking performance and rigidity. Achieving this target requires a reduction in the amount of steel
in the heliostat support structure and the use of stiff, lightweight materials.

This need for lightweight structures has raised the possibility of using advanced materials such
as sandwich composites (Alijani and Amabili 2013). Sandwich composites are a possible solution
due to their lightweight properties and high flexural stiffness (Heimbs et al. 2008; Ayub et al.
2011; Lande and Patil 2015; Cheng, Qiao, and Chen 2016). This type of composite is frequently
utilized in the motorsport, construction, marine and aerospace industries (Birman and
Kardomateas 2018; Li et al. 2021; Palomba, Epasto, and Crupi 2021; Redmann et al. 2021; Shifa,
Tariq, and Chandio 2021) (applications where reducing weight, whilst sustaining the stiffness, is
of key importance). The attractiveness of such materials lies in their comparatively low cost, high
strength to weight ratio, corrosion resistance, energy absorbing capabilities (Paik, Thayamballi,
and Kim 1999; Heimbs et al. 2008; Castellon 2012; Cheng, Qiao, and Chen 2016) and good
damping characteristics. As such they have been the subject of much investigation, both numeric-
ally (Alijani and Amabili 2013) and experimentally (Alijani et al. 2013).

Sandwich composites consist of a lightweight core sandwiched between two thin facing layers
using a strong adhesive. The core is produced from thick, lightweight materials able to withstand
normal and shear loads (Zenkert 1997) and are typically made of high-strength materials, as the
faces handle both compressive and tensile loads due to bending. For such composites a honey-
comb-shaped core has been commonly utilized as the voids enable mass reduction while preserv-
ing stiffness. In addition, various properties can be obtained with simple variations in the
honeycomb’s geometrical configuration (e.g., cell wall angle, cell wall length and cell wall thick-
ness), making them an excellent substitute for conventional isotropic materials in high perform-
ance engineering applications (Alijani and Amabili 2013).
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The notable amount of work that has been done to test the mechanical properties and to
understand the behavior of honeycomb sandwich panels under different loading conditions (i.e.,
in-plane (parallel to the surface), out-of-plane (normal to the surface)) (Yamashita and Gotoh
2005; Hu, You, and Yu 2011; Iva~nez, Fernandez-Ca~nadas, and Sanchez-Saez 2017; Baumgart et al.
2018; Balaji and Annamalai 2019), along with the various sensitive applications that involved
these materials, clearly reflects their potential to be utilized as the basis for a heliostat mir-
ror structure.

1.1. Overview and contribution

Heliostats are exposed to the atmospheric conditions prevailing on the field. They experience
aerodynamic forces caused by wind that can lead to structural deformations, affecting their
optical performance. One of the challenges faced in implementing such systems is ensuring that
they are able to cope with these aerodynamic loads imposed upon them. Although much research
has been devoted to investigating the aerodynamic loads encountered by heliostats (Peterka et al.
1986; Peterka and Derickson 1992; Wu et al. 2010; Pfahl, Buselmeier, and Zaschke 2011; Emes
et al. 2017), there is a dearth of studies investigating the suitability of honeycomb sandwich com-
posites in heliostat mirror support structures. Moreover, despite very few attempts found in lit-
erature that utilized sandwich composites but with different core materials and configurations
(Diver and Grossman 1998; Aldaz et al. 2018; Liedke et al. 2018), they did not investigate in great
detail the interaction between the wind and sandwich composites employed as a heliostat mirror
support structure.

Furthermore, these earlier investigations also lacked details concerning material properties,
considered only small-area heliostats (in particular, 8m2 size in Aldaz et al. (2018) and 9m2 size
in Liedke et al. (2018)) and did not take into account large-area heliostats (>100m2). Hence,
given the opportunity to reduce heliostats’ cost by minimizing the total weight of the structure,
and the fact that heliostats are sensitive to wind loads, there is a need for a better understanding
of how honeycomb sandwich composites respond under wind effects when utilized as the support
structure for a heliostat mirror.

The current study investigates the suitability of honeycomb sandwich composites for use as
heliostat mirror structure, aiming to deliver a better understanding of the interactions of these
structures with wind forces by investigating their aero-structural behavior characteristics. The
work presented will be a significant milestone in the quest to develop cheaper lightweight helio-
stats that are strong and capable of withstanding wind loads and other environmental conditions,
and a major step on the way to move central tower CSP systems to the forefront to become the
technology of choice for energy production. This critical factor will contribute to achieving mul-
tiple criteria of the Sustainable Development Goals (SDGs), including economic, environmental,
and social aspects. In the long run, this will lead to reducing barriers and increasing acceptance
of solar energy as an option to address the world’s long-term energy needs.

2. Numerical setup

To investigate the aero-structural robustness and behavior characteristics of honeycomb sandwich
composites when employed as a heliostat mirror support structure, it was decided to carry out a
computational fluid-structure interaction (FSI) analysis. This approach has been successfully
employed in a number of prior studies on the interaction of structures such as wind turbines and
photovoltaic systems with wind (Lin, Dai, and Wu 2013; MacPhee and Beyene 2013; Wang,
Quant, and Kolios 2016; Lee et al. 2017). It is considered an effective way, especially during the
development stage, to explore and examine a variety of designs and modifications at real scale, as
field and wind tunnel experiments are time-consuming and expensive to set up. Computational
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FSI analysis requires both aerodynamic and structural components to establish aerodynamic loads
and the corresponding structural responses. Computational fluid dynamics (CFD) was chosen as
the aerodynamic component of the computational FSI analysis. CFD is a powerful tool for
obtaining reliable predicted aerodynamic forces on structures. It has been intensively utilized in
heliostat studies (Wu et al. 2010; Marais, Craig, and Meyer 2015; Mammar et al. 2017; Aldaz
et al. 2018) due to its flexibility when examining a diversity of heliostat designs and modifications
and exploring their impact on the airflow around them (Bendjebbas, Abdellah-ElHadj, and Abbas
2016; Fadlallah, Anderson, and Nates 2021). For the structural component, due to its flexibility,
high fidelity, and ability to examine detailed stress distributions within a structure (Wang, Quant,
and Kolios 2016), finite element analysis (FEA) was selected.

Considering a typical heliostat configuration, which is an existing large-area steel-based helio-
stat manufactured by Advanced Thermal Systems (ATS) (Mancini 2000; Kolb et al. 2007), it was
assumed that the heliostat would consist of a 148m2 (11.84m (H) � 12.5m (W)) rectangular
sandwich composite plate (Figure 1). This size of reflector was chosen as a basis for this study, as
Sandia National Laboratories’ analysis of heliostat cost versus size (Kolb et al. 2007) indicated
that heliostats of around 150m2 show the best economy. The sandwich composite plate is sup-
ported by four steel (Young’s modulus (E) ¼ 200GPa; Poisson’s ratio (v) ¼ 0.3; Shear modulus
(G) ¼ 76.92GPa; Density (q) ¼ 7850 kg/m3) attachments, each about 6m long and 0.15m wide.
Unlike the ATS heliostat where the steel-based trusses extend along the entire reflector, the
attachments were made smaller to reduce the amount of steel, since the sandwich panel should
provide the mirror module with the necessary rigidity and support without fully relying on the
heavy, steel-based support structure. For a detailed analysis of the attachments’ size selection see
Appendix A. Both the panel and the attachments are mounted on a steel-based torque tube/ped-
estal configuration, known as a T-type configuration (the torque tube and the pedestal together
form a “T” and are coupled to each other by the drive system), selected because state-of-the-art
central tower CSP plants mostly use T-type heliostats with azimuth-elevation tracking mecha-
nisms (T�ellez et al. 2014; Pfahl et al. 2017).

The heliostat’s sandwich composite structure (Figure 1) was assumed to consist of a 300mm
aluminum honeycomb core sandwiched between two 0.3mm aluminum skins. Aluminum
(E¼ 69GPa; v¼ 0.33; G¼ 27GPa; q¼ 2700 kg/m3) is the most widely used option for construct-
ing honeycomb sandwich panels (Ara�ujo et al. 2018) and has been extensively adopted in high
performance engineering applications. The face sheets of these cores can be made of various
metallic materials. Added to the ease of assembly, aluminum face sheets are preferred to be used
with aluminum core, as they enable the structure to undergo large plastic deformations before

Figure 1. Sandwich composite-based heliostat geometrical configuration.
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rupture due to aluminum’s ductile nature (Jen and Chang 2009; Langdon et al. 2010; Çı nar
2014). Taking into account the heliostat’s large reflective area and market availability, the selec-
tion of the sandwich panel’s thickness was based on preliminary analysis carried out to determine
an initial structural configuration that reduces the mirror support structure’s total weight (in
comparison to the existing 148m2 steel-based ATS heliostat’s mirror support structure that
weighs around 1550 kg, as reported by Kolb et al. (2007)), while maximizing its structural
strength and robustness. A 4mm thick glass mirror, similar to the one used in the ATS heliostat,
was mounted on the top surface of the sandwich composite. Mirrored glass (E¼ 68.94GPa;
v¼ 0.23; G¼ 28.02GPa; q¼ 2457.6 kg/m3) was selected as the reflective surface, being relatively
inexpensive, with a high reflectance (0.93–0.94) and durability (20–25 years’ lifespan), and
accepted by the industry in comparison to reflective films (T�ellez et al. 2014; Pfahl et al. 2017).
To accommodate differences in thermal expansion between the glass facets and the metallic sup-
port structure, mirrors are often connected to the support structure via flexible adhesives (Pfahl
et al. 2017; Rumsey-Hill, Pottas, and Coventry 2019). However, for model simplification, the
inclusion of this layer is neglected.

Figure 2. Computational domain of the CFD model and definition of tilt and wind incidence angles.
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In undertaking the FSI analysis, the wind (i.e., the aerodynamic component) flow around the
heliostat was simulated utilizing the validated numerical CFD model reported in (Fadlallah,
Anderson, and Nates 2021). A detailed description of the setup and its validation (i.e., mesh inde-
pendence test, wind profile development, comparison with available data of wind loading coeffi-
cients) can be found therein. To determine the aerodynamic loads on the heliostat adequately,
simulations were carried out for several wind incidence angles (b) between 0� to 90� and a range
of tilt angles (h) between 90� (wind flow perpendicular to the mirror surface) and �90� (wind
impinging on the heliostat’s back surface), with a wind velocity (V) range of 5–20m/s (Reynolds
number varying from 4.05� 106 to 1.62� 107 taking the chord length of the panel (H¼ 11.84m)
as the characteristic length) as shown in Figure 2.

To investigate the behavior characteristics of the honeycomb sandwich composite-based helio-
stat structure under wind loads, the predicted aerodynamic loads from the ANSYS/FLUENT CFD
solver were then mapped to an FEA model of the heliostat developed in the ANSYS/Static
Structural package. This coupling strategy is a one-way coupling method, which is less computa-
tionally intensive 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 with
two-way FSI, where solution convergence and accurate results cannot be guaranteed (Wang,
Quant, and Kolios 2016; Lee et al. 2017). For the FEA, an adaptive mesh was used to capture the
behavior of all components (reflective mirror module, back support structure, drive, torque tube
and pedestal). Different meshing techniques using shell and beam elements were explored and
abandoned due to meshing complications stemming from complex geometries and interconnected
parts. To accommodate these complications, 3D solid 8-node hexahedral and 4-node tetrahedral
elements were used to construct the FEA model. Fine meshes were generated to reduce any
numerical instabilities when importing the aerodynamic loads from the CFD solver, and to ensure
that the stress field around the steel attachment points is not singular.

Different grid sizes were tested to check their effects on the heliostat’s recorded stress at a
specified point, shown in Figure 3, when the structure is tilted at an angle of 30� and

Figure 3. FEA mesh independence test.
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experiencing wind at 0� incidence angle with a velocity of 20m/s. There was no significant
change in the results with an increase in grid size beyond 650,000 elements; hence the computa-
tional mesh selected for further analysis consisted of approximately 650,000 elements distributed
across the heliostat model, with boundary conditions set in a way similar to the operation condi-
tions of the given heliostat. As the bottom of the heliostat is fixed on the ground, nodes on the
bottom of the pedestal support were set to be fully constrained.

Figure 4. Pressure distribution on the heliostat at wind velocity of 15m/s approaching at 0� incidence angle (b).
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The face/adhesive/core junction was modeled as perfectly bonded with common nodes. The
bottom face of the sandwich was connected using common nodes to the four steel attachments.
Finally, the other contact surfaces in the heliostat model were assumed to be bonded such that
the nodes of adjacent components would move together on each contact surface. Prior to thor-
oughly investigating the aero-structural behavior of the honeycomb sandwich composite-based
heliostat, a linear and nonlinear static analysis was performed to compare the results. On this

Figure 5. Pressure distribution on the heliostat at wind velocity of 15m/s approaching at 45� incidence angle (b).
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basis, and negligible difference between the two approaches, linear analysis was employed to
reduce the computational cost of the analysis.

Furthermore, instead of developing a fully detailed multi-cell honeycomb core model, common
practice, as used in this study, is to replace those cells with an equivalent three-dimensional
orthotropic material model (has different material properties in three mutually perpendicular

Figure 6. Pressure distribution on the heliostat at wind velocity of 15m/s approaching at 90� incidence angle (b).
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directions). This approach has been effectively used in previous studies (Schwingshackl, Aglietti,
and Cunningham 2006; Aydincak and Kayran 2009; Sorohan et al. 2016) due to the substantial
advantages that can be obtained, which include delivering the same results as the fully detailed
multi-cell honeycomb model, ease of modeling and model modification, reduced solution time,
and fewer hardware resource requirements. In doing this, the honeycomb core’s mechanical prop-
erties were calculated based on its geometrical properties (e.g., cell wall angle (u), cell wall length
(a) and cell wall thickness (t)) and material characteristics, using the relationships described by
Nast (1997) and Gibson and Ashby (1997) (Appendix B). When designing a product using
honeycomb cores, it is typical to select from the restricted variations of ready-made honeycomb.
Therefore, it was assumed that the panel consists of a honeycomb core formed by regular hex-
agonal cells (cell wall angle of u¼ 30�). These are the most commonly used sandwich panel cores
in industry applications, because they are easily manufactured and have good out-of-plane prop-
erties (Hu, You, and Yu 2013; Ara�ujo et al. 2018). Moreover, and based on the preliminary ana-
lysis mentioned earlier to determine an initial structural configuration that provides a sensible
tradeoff between structural integrity and weight reduction, the length and thickness of the honey-
comb cell wall were selected to be a¼ 6mm and t¼ 0.03mm, respectively, which fall within the
range of commercially available honeycomb cell sizes (Hexcel 1999; Yamashita and Gotoh 2005;
Nayak 2012).

3. Results and discussion

3.1. Wind pressure distribution characteristics

Evaluating the structural responses of the honeycomb sandwich composite-based heliostat
requires an understanding of the pressure loads acting on the surfaces of the panel due to wind
forces. Therefore, having set up the numerical FSI model, the wind pressure distribution charac-
teristics on the heliostat’s sandwich composite panel were explored in detail. Figures 4–6 show
wind pressure distributions on the heliostat’s reflective and back surfaces under a wind velocity
of 15m/s for 0�, 45�, and 90� wind incidence angles (b), respectively, and a range of tilt
angles (h).

When the flow approaches the heliostat at 0� incidence angle (Figure 4), the structure inter-
cepts the air’s horizontal movement when flow is perpendicular to the heliostat’s mirror surface,
i.e., 90� tilt angle. This causes the flow in the front of heliostat structure to move toward stagna-
tion (zero wind velocity), resulting in high pressure values, as stated by Bernoulli’s law (pressure
has a largest value when the velocity of the fluid is zero), at the middle of a span-wise line,
decreasing toward the edges. This is expected as the flow accelerates at the edges to maintain con-
tinuity; it creates low-pressure regions on the reflector’s surface.

Taking the same wind incidence angle but progressively changing the tilt angle from h¼ 90�

to h¼ 30� results in a shift in the high pressure region toward the lower edge of the reflector,
causing the structure to experience large wind pressures at the mirror surface’s lower edge.

For the 0� tilt angle (stow position) experiencing wind at the same incidence angle, the wind
loading has no noticeable effect on the structure compared to the remaining angles of operation.
This is because the area at 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 noticeable 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, the opposite occurs, and wind pres-
sures are higher at the reflective surface than 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.
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Figure 7. Displacement distribution of the heliostat surface at wind speed of 15m/s for different tilt and wind incidence angles.
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As the heliostat structure is moved from the stow position to a �90� tilt angle, the incoming
wind at the same incidence angle acts on the back surface of the heliostat directly, resulting in
high-pressure values at the middle of the heliostat’s back surface.

Varying the wind incidence angle (b) from 0� to 45� for all tilt angles (Figure 5) causes the
high-pressure regions located at the reflector’s surface to shift toward the right edge. For all tilt
angles excluding h¼ 0�, a reduction in wind loading was observed compared to the same angles
of operation when the flow approaches the heliostat at 0� incidence angle. This can be attributed
to the fact that the heliostat’s projected area directly facing the wind decreases with the increase
in wind incidence angle, reducing the effect of the blockage and causing a decrease in the wind
loading effect on the heliostat.

As the wind incidence angle gradually increases from b¼ 45� to b¼ 90� (Figure 6), the wind
loading has no noticeable effect on the structure at this configuration for all given tilt angles.
This is due to, as discussed in the stow position case, the area at 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. In addition, the reflector’s back surface on the windward side
has greater wind pressures compared to the reflective surface. This pressure difference results in
large lift forces close to the windward edge. However, what is noticeable from the pressure distri-
butions on the heliostat’s back surface at this configuration (b¼ 90�) is that both the pedestal
and torque tube have an influence on the pressure distributions at the back of the reflector. At
tilt angles 90� and �90�, a depression region forms within the pedestal and the reflector, causing
high suctions to occur at the heliostat’s back surface. This depression region starts to demise as
the heliostat structure moves toward the stow position (h¼ 0�).

3.2. Heliostat structural behavior

Having discussed the wind pressure distributions on the heliostat surfaces at varying tilt and inci-
dence angles, it was decided to evaluate the structural behavioral characteristics of the heliostat’s
sandwich composite panel under those wind-loaded conditions in great detail.

3.2.1. Deflections
The aerodynamic loads experienced by heliostats can lead to structural deformations that can
markedly affect mirror quality (the sunlight is reflected with less accuracy). Therefore, the stiff-
ness of the heliostat panel has a direct impact on overall plant efficiency. This section therefore
analyses the heliostat panel deformations caused by wind loads under varying conditions.

Figure 7 presents the displacement distributions of the heliostat panel (calculated normal to
the surface of the reflector) for different tilt angles at a wind velocity of 15m/s approaching at 0�,
45�, and 90� wind incidence angles (b), respectively. Positive displacement values indicate that
the deflection of the panel is inward to the plane (i.e., the surface of the reflector), and negative
displacement values indicate that the deflection is outward to the plane of action. Since the study
is focusing on understanding the structural behavior of the heliostat’s composite structure, it was
assumed that both the pedestal and torque tube are rigid enough to withstand these wind condi-
tions. Therefore, both components were constrained to obtain only the heliostat’s sandwich com-
posite panel behavior.

Starting with the h¼ 90� tilt angle operational condition experiencing wind at b¼ 0� incidence
angle (Figure 7), 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. These two
regions are not fully supported by the steel attachments and majorly rely on the sandwich panel’s
stiffness to provide the reflective mirror module with the necessary rigidity and support. At this
tilt orientation, it was found that the sandwich panel deformation contributes around 63% of the
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total displacement experienced by the heliostat and the remaining 37% is handled by the support-
ing steel attachments. As the structure’s tilt angle gradually decreases from h¼ 90� to h¼ 30� for
the same 0� wind incidence angle results, the structure experiences larger displacement values at
the reflector surface’s lower edge, due to the progressive shift in the high-pressure regions toward
the heliostat’s lower edge as the tilt angle varies from 90� to 30�. This increase in displacement
with the decrease in tilt angle triggers the supporting steel attachments to act upon the pressure
concentration at the lower edge to preserve the deformations of the heliostat, causing the contri-
bution of the attachments to increase to about 42%.

Taking the same wind incidence angle but changing the tilt angle from h¼ 30� to h¼ 0�, the
recorded maximum displacement values significantly decrease, due to the small windward facing
area causing a significant reduction in the wind load on the heliostat structure and consequently
reduces the contribution of the steel attachments to the total deformation to about 36%. Having
said that, the resultant lift forces close to the panel’s windward edge and the high suctions that
occur at the leeward edge’s side cause its windward and leeward edges to deform in the upward
and downward directions respectively.

When the structure’s tilt angle alters from the stow position to a �90� tilt angle (heliostat’s
back surface facing the wind) at the same incidence angle (b¼ 0�), it is interesting to note that
the maximum displacement values were slightly lower than those recorded when the flow is act-
ing on the mirror surface, i.e., h¼ 90� to h¼ 30�. This is due to the influence of the heliostat’s
supporting components (pedestal, torque tube, steel attachments) on the incoming flow, causing a
shielding effect.

The progressive shift in the high-pressure regions, observed in the flow modeling, toward the
right edge as the incidence angle vary from 0� to 45� led to the same behavior being observed in

Figure 8. Wind velocity and tilt angle effects on the heliostat surface’s maximum recorded displacement for 0� , 45� and 90�
wind incidence angle.
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the maximum-recorded displacement regions (Figure 7), but with lower displacement values than
the 0� incidence angle operational condition for all tilt angles, due to a reduced pressure gradient
between the heliostat’s reflective and back surfaces as the wind incidence angle changes from
b¼ 0� to b¼ 45�. The same trend was observed in the supporting steel attachments’ deformation
contribution as the tilt angle alters from vertical to horizontal. The identified decrease in wind
pressure imposed upon the panel was reflected in the contribution of the supporting steel attach-
ments to the total displacement experienced by the heliostat; the deformation percentage values
were lower than those recorded when flow approaches the heliostat at 0� incidence angle. The
same shielding effect has been noticed at this configuration, and the maximum displacement val-
ues recorded with the back of the heliostat facing the wind were slightly lower than those
recorded when the flow is acting on the mirror surface, i.e., h¼ 90� to h¼ 30�.

The maximum displacement values significantly decreased as the wind incidence angle
increased to b¼ 90� for all tilt angles (Figure 7), because of the very small area at the front of the
reflector directly facing the wind that allows incoming flow to become uniform and attached to
the heliostat’s surface, causing a significant reduction in the wind loading effect on the heliostat.
At this configuration (b¼ 90�), the resultant lift forces close to the panel’s windward edge and
the high suctions that occur on the leeward edge causes the windward and leeward edges to
deform in the upward and downward directions respectively. However, the displacement distribu-
tion is not the same for all tilt angles. At tilt angles 90�and �90�, the areas with maximum dis-
placement values are located at the heliostat’s lower and upper edge regions respectively, due to
the depression region that forms within the pedestal and the reflector. This region starts to
reduce in size as the heliostat structure moves toward the stow position from h ¼ ±90�, and the
displacement distribution tends to become symmetric about the torque tube axis.

Figure 9. Pressure and displacement distribution of the heliostat surface for 90� , 60� and 30� tilt angles (h) at wind velocity of
20m/s approaching at 0� incidence angle (b).
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Having discussed the displacement distribution of the heliostat’s sandwich composite panel for
the 15m/s case, the influence of varying wind velocity on the heliostat surface’s maximum result-
ant displacement at varying tilt and incidence angles is illustrated in Figure 8.

For 0� wind incidence angle (Figure 8a), the trends in maximum resultant displacement at the
sandwich composite panel are almost similar for the four wind velocity cases, except for the stow
position (h¼ 0�). The effect of wind velocity on the structural deformation of the heliostat panel
when h¼ 0� was negligible. This is because of flow uniformity (the projected area of the reflector
directly facing the wind is at its minimum), which causes a significant decrease in the wind load-
ing effect on the panel at this tilt orientation for all wind velocities (5–20m/s). At a wind velocity
of 5m/s, there is a relatively small difference in the sandwich panel’s maximum recorded dis-
placement at different tilt angles. This implies that the heliostat orientation has no significant
effect on the recorded maximum deflections of the heliostat panel when subjected to a wind of
5m/s. For higher wind velocities, greater than 10m/s, this effect becomes more pronounced and
the difference in the maximum displacement values at different tilt angles increases to a max-
imum at a wind velocity of 20m/s. Comparing the negative tilt angles (h¼�30� to h¼�90�)
with the positive ones (h¼ 90� to h¼ 30�), it can be seen that the maximum displacement values
were slightly lower, because of the effect of the heliostat’s supporting components (i.e., pedestal,
torque tube, steel attachments) on the incoming wind, causing a shielding effect.

For the positive tilt angles, between h¼ 90� (heliostat directly facing the air flow) and h¼ 30�,
the aerodynamic loads imposed upon the heliostat at h¼ 30� generate a more detrimental effect
on the heliostat’s sandwich composite panel than do the other tilt angles. Figure 9 shows the
pressure and displacement distribution of the heliostat surface from 90� to 30� tilt angles for a
wind velocity of 20m/s approaching at 0� wind incidence angle. When the structure is tilted at

Figure 10. Pressure and displacement distribution of the heliostat surface for 90� , 60� and 30� tilt angles (h) at wind velocity of
20m/s approaching at 45� incidence angle (b).
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angles of 90� and 60�, the high wind pressure is distributed over a relatively large area of the
heliostat’s panel compared with the 30� tilt angle condition. However, with the case of 30� tilt
angle, the wind directly strikes the panel’s lower edge region. Because this region is not fully sup-
ported by the steel attachments and relies on the stiffness of the sandwich panels, the structure
experiences larger displacements than in the 90� and 60� operational conditions.

As illustrated for the 0� wind incidence angle operational condition, the maximum displace-
ment results for a wind incidence angle of b¼ 45� (Figure 8b) revealed the same patterns of vari-
ation but with lower magnitudes than the b¼ 0� condition illustrated earlier (Figure 8a). This is
expected as discussed previously that the blockage to wind flow provided by the heliostat struc-
ture decreases with increasing wind incidence angle. This, in turn, causes a decrease in the aero-
dynamic loads imposed upon the heliostat panel, resulting in lower structural deflections. Similar
to the case of 0� wind incidence angle, it can be clearly observed that the maximum displacement
values for the negative tilt angles (h ¼ �30� to h ¼ �90�) are lower than those observed for the
positive tilt angles (h¼ 90� to h¼ 30�) (Figure 8b), confirming the shielding effect of the heliostat’s
supporting components and torque tube on the incoming wind. From the results in Figure 8b, it is
clear that the effect of heliostat’s tilt orientation on the sandwich panel’s maximum deflection
becomes more vital as wind velocity increases above 10m/s, particularly when the heliostat structure
is tilted at an angle of h¼ 30� and subjected to a wind of 20m/s. Expanding on this, the pressure
and displacement distribution of the heliostat surface from 90� to 30� tilt angles for a wind velocity
of 20m/s approaching at 45� incidence angle is shown in Figure 10. The high wind pressure is dis-
tributed along almost the entire right edge region of the panel when the structure is tilted at an angle
of 90� and 60�. This region is supported by both the stiffness of the sandwich panel and also the steel
attachment, explaining the lower structural deflections in comparison to the 30� tilt angle condition.
As the heliostat structure is moved from h¼ 60� to a 30� tilt angle, the incoming wind at the same
incidence angle acts on the lower right corner region of the panel directly, resulting in higher wind
pressures in that region. As a result, the panel’s lower edge region is not fully supported by the steel
attachments and relies heavily on the sandwich panel’s stiffness, so the panel experiences larger dis-
placement compared to 90� and 60� tilt angles.

The reduction in the maximum displacement results of the heliostat’s sandwich composite
panel caries on as the wind incidence angle gradually increases until it reaches b¼ 90� for all tilt
angles (Figure 8c). This significant drop in maximum displacement is due to flow uniformity
causing a major reduction in the wind loading on the structure. This implies that the heliostat
panel at 90� wind incidence angle, irrespective of tilt angle, is not affected by wind loadings at
wind velocities of 20m/s and below.

Figure 11. Interpretation of the reflective surface’s maximum allowable deflection (Bj€orkman 2014).
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Compared to all of the other velocities explored, wind loadings at 20m/s have the most sub-
stantial effects on the resultant displacement of the heliostat system for the operational conditions
investigated. In all of the conditions studied, the largest resultant displacement is of 19.6mm tak-
ing place at a tilt angle of 30� under the effect of wind approaching at 0� incidence angle. For
reliable operation of a heliostat, it is required that its structure should be able to keep its deform-
ation low enough that the acceptance angle loss of its reflective surface resides within tolerable
limits. According to Kolb et al. (2007) and Strachan and Houser (1993), the Sandia requirements
defined the maximum allowable reflective surface displacement angle caused by wind to be ±3.6
mRad. Bj€orkman (2014) presented an approach, demonstrated in Figure 11, to evaluate the per-
formance of the heliostat’s reflective surface using the following triangular relationship (Eq. (1))
to calculate the maximum allowable displacement:

tanð63:6 mRadÞ ¼ Displacement
1
2 Heliostat chord lengthð Þ (1)

In this study, to verify whether the proposed sandwich composite-based heliostat structure
provides good optical performance, the same approach was used. Given that the heliostat’s chord
length is 11.84m, the maximum allowable displacement was found to be approximately
±21.3mm. 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.

3.2.2. Stress distributions
Having discussed the deflection of the heliostat’s sandwich composite panel at varying operational
conditions, it was decided to explore the stress distribution characteristics of the heliostat’s sand-
wich composite panel under those conditions in detail, to better understand and evaluate the
structural strength of the sandwich panel. By locating regions of high stress in the sandwich

Figure 12. Pressure and stress distribution of the heliostat surface for 90� , 60� , 30� and 0� tilt angles (h) at wind velocity of
15m/s approaching at 0� incidence angle (b).
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panel, it was found that the highly stressed regions are located at the junction between the sand-
wich panel and the supporting steel attachments. Consequently, the two components of the sand-
wich panel with the highest probability of experiencing material failure are the lower aluminum
sheet and the aluminum honeycomb core. The study thus focused on evaluating the stress distri-
bution characteristics of those two layers. Figures 12–17 show the stress distributions of the helio-
stat panel’s lower aluminum sheet and the honeycomb core for different tilt angles (h) at a wind
velocity of 15m/s approaching at 0�, 45�, and 90� incidence angles (b), respectively.

When flow is perpendicular to the heliostat’s reflective surface, i.e., 90� tilt angle and 0� wind
incidence angle (Figure 12), the high stress regions are located at the upper and lower ends of the
interface between the steel attachments and the back surface of the panel, with higher stresses
seen at the upper ends. The heliostat panel is subjected to a wind gradient (the wind strength
increases with height above ground). This explains the higher stresses at the upper ends of the
interface compared to the lower ends.

Taking the same wind incidence angle and decreasing the tilt angle from h¼ 90� to h¼ 30�

(Figure 12), higher stress concentrations are located near the lower ends of the interface, corre-
sponding to the progressive shift in the high-pressure regions at the mirror surface toward the
lower edge as the structure’s tilt angle (h) moves from 90� to 30�. At this operational condition
(h¼ 30�, b¼ 0�), the panel experiences the maximum stress, because at this orientation the helio-
stat experiences the maximum downward directed lift force due to the high pressure on its front
side and low pressure and high velocities below the structure. The wind at this tilt orientation
(h¼ 30�) strikes the panel’s lower edge region directly. This region is predominantly dependant
on the sandwich panel’s stiffness only (not fully supported by the steel attachments) for delivering
the necessary rigidity and support for the reflective mirror module. This, therefore, causes an
increase in the structural deflection of the panel’s lower edge region, resulting in higher stresses
at the lower ends of the interface between the steel attachments and the panel’s back surface.

For the same incidence angle (b¼ 0�), the recorded maximum stress values drop significantly
when the heliostat’s tilt angle decreases from h¼ 30� to h¼ 0� (Figure 13). This is because the
projected area of the reflector directly facing the wind becomes very small, allowing uniformity of
flow that significantly decreases the wind loading effect on the heliostat structure.

By altering the tilt angle gradually from h¼ 0� to h ¼ �90� (Figure 14), such that the flow is
from the backside of the structure, the heliostat’s windward projected area increases, as does the

Figure 13. Pressure and stress distribution of the heliostat surface for 0� tilt angles (h) at wind velocity of 15m/s approaching at
0� incidence angle (b).
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wind loading effect on the heliostat structure, causing an increase in stress at the ends of the
interface between the steel attachments and the panel’s back surface. However, with that being
said, the recorded maximum stress values were lower in comparison with those recorded when
the flow is acting on the heliostat’s mirror surface, i.e., h¼ 90� to h¼ 30� (Figure 12), due to the
shielding effect caused by the heliostat’s supporting components.

The gradual variation in the wind incidence angle (b) from 0� to 45� for all tilt angles (Figure
15) causes the high-stress regions located at the interface between the steel attachments and the
back surface of the panel to shift progressively toward the two attachments to the right.
Furthermore, and as a result of the decrease in wind-induced forces caused by the reduction in
the pressure gradient between the heliostat’s reflective and back surfaces, the stress levels grad-
ually decrease as the wind incidence angle changes from b¼ 0� to b¼ 45� (Figure 16). In add-
ition, similar to the 0� wind incidence operational condition, the same shielding effect has been
observed at this configuration (b¼ 45�) (Figures 15 and 16), and the maximum stress values
recorded with the heliostat’s back surface facing the wind (h ¼ �30� to h ¼ �90�) were slightly
lower than those recorded when the flow is acting on the heliostat’s mirror surface (h¼ 90� to h
¼ �30�).

The reduction in stress values continues as the wind incidence increases from 45� to 90�

(Figures 16 and 17), due to the significant decrease in the projected area of the heliostat directly
facing the wind, permitting uniformity of flow that causes a significant drop in the wind loading
effect on the structure. For tilt angles 90�and �90�, high stress regions are observed at the alumi-
num sheet’s lower and upper edge regions respectively. This is because of the depression region
that forms within the pedestal and the panel, which reduces as the structure moves toward the
stow position from h ¼ ±90�.

Having investigated the stress distribution of the heliostat’s sandwich composite panel for the
15m/s loading condition, the effect of changing wind velocity on the maximum stresses at the

Figure 14. Pressure and stress distribution of the heliostat surface for �30� , �60� and �90� tilt angles (h) at wind velocity of
15m/s approaching at 0� incidence angle (b).
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Figure 15. Stress distribution of the heliostat surface for different tilt angles at wind velocity of 15m/s approaching at 45�
incidence angle.
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heliostat panel’s lower aluminum sheet and honeycomb core for different tilt and incidence angles
is shown in Figures 18–22.

Starting with the 0� wind incidence angle results (Figure 18), increasing wind velocity affects
the recorded maximum stress values at both the lower aluminum sheet and the honeycomb core
by increasing their magnitude, although at different rates. Because of the decrease in the wind
loading effect on the panel at this tilt orientation, the effect of increased wind velocity on the
maximum stress values recorded at the panel’s lower aluminum sheet and honeycomb core for
the case of h¼ 0� is insignificant.

As wind velocity increases above 10m/s, the effect of heliostat’s tilt orientation on the max-
imum stresses at both the lower aluminum sheet and the aluminum honeycomb core becomes
more noticeable, and the variance in the maximum stress values at different tilt angles escalates
to a maximum when wind strikes the heliostat panel with a velocity of 20m/s. With the gradual
increase in wind velocity, the shielding effect caused by the heliostat’s supporting components
becomes more pronounced, and the maximum stress values recorded for the negative tilt angles
(h ¼ �30� to h ¼ �90�) were lower than those observed for the positive tilt angles (h¼ 90� to
h¼ 30�) (Figure 18).

As shown in Figure 18, wind loadings with a velocity of 20m/s striking the heliostat structure
at h¼ 30� tilt angle cause more harmful effects on the sandwich panel than any other tilt angle.
Expanding on this, Figure 19 illustrates both pressure and stress distribution results for a wind
velocity of 20m/s approaching at 0� wind incidence angle. Unlike the 90� and 60� tilt angle con-
ditions, where the loads are distributed over a large area of the heliostat’s panel, the high wind
pressure at the 30� tilt angle operational condition is concentrated in a particular region; the pan-
el’s lower edge region. Because of this, and given that this region is dependent upon the sandwich
panel’s stiffness only, the panel experiences larger deflections at the lower edge region. This high
bending due to wind loads, in addition to the strong wind pressure imposed upon that region,
induces higher stresses than do the other tilt angles, at the lower ends of the interface between
the steel attachments and the panel’s back surface.

The recorded maximum stress values when the flow approaches the heliostat at a 45� inci-
dence angle (Figure 20) show similar but lower variation patterns to the 0� wind incidence angle.
This reduction corresponds to the decrease in the wind loading effect on the heliostat that occurs
as a result of the reduced blockage effect (the heliostat’s projected area directly facing the wind
decreases with the increase in wind incidence angle), resulting in lower stresses in comparison to
the b¼ 0� operational condition in Figure 18. At b¼ 45� (Figure 20), the same shielding effect
caused by the heliostat’s supporting components can be noticed when comparing the negative tilt

Figure 16. Wind incidence angle effect on the heliostat’s maximum recorded stress for different tilt angles at wind velocity of
15m/s.
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Figure 17. Stress distribution of the heliostat surface for different tilt angles at wind velocity of 15m/s approaching at 90� inci-
dence angle (b).
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angles (h ¼ �30� to h ¼ �90�) with the positive ones (h¼ 90� to h¼ 30�). This effect develops
more strongly at higher wind velocities (greater than 10m/s).

The heliostat at this wind incidence angle (b¼ 45�) experiences the maximum stress intensity
when the panel is subjected to a wind of 20m/s and tilted at an angle of 30�. Going into detail
about this, the pressure and stress distribution results for a wind velocity of 20m/s approaching
at 45� wind incidence angle are presented in Figure 21. For the 30� tilt angle operational condi-
tion, the high wind pressure is concentrated over a smaller area (the lower right corner region of
the panel) relative to the 90� and 60� tilt angle operational conditions, which puts direct pressure

Figure 18. Wind velocity and tilt angle effects on the heliostat’s maximum recorded stress for 0� wind incidence angle.

Figure 19. Pressure and stress distribution results for 90� , 60� , 30� and 0� tilt angles (h) at wind velocity of 20m/s approaching
at 0� incidence angle (b).
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on the regions at the junction between the sandwich panel and the two supporting steel attach-
ments to the right. This causes the stresses to escalate and concentrate at the lower right ends of
the interface between the steel attachments and the panel’s back surface.

As the wind incidence angle increases from 45� to 90� for all tilt angles (Figure 22), its influ-
ence on the stress values increases and the values decrease to a minimum at b¼ 90�. This is
because of the uniformity of flow that causes a significant decrease in the wind loading effect on
the heliostat panel. This suggests that the heliostat panel’s lower aluminum sheet and honeycomb
core at a 90� wind incidence angle, regardless of any tilt angle, are not significantly influenced by
wind loadings at wind velocities of 20m/s and below.

Figure 20. Wind velocity and tilt angle effects on the heliostat’s maximum recorded stress for 45� wind incidence angle.

Figure 21. Pressure and stress distribution results for 90� , 60� , 30� and 0� tilt angles (h) at wind velocity of 20m/s approaching
at 45� incidence angle (b).
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Similarly, corresponding to the maximum resultant deformation of the structure, the worst
case was found to be at a tilt angle of 30� with a wind flow at 0� to the heliostat surface and a
velocity of 20m/, producing calculated maximum stresses at both the lower aluminum sheet and
the aluminum honeycomb core of 121.62MPa and 0.307MPa, respectively. The stresses imposed
upon the panel can cause two of the most common forms of failure for honeycomb sandwich
panels: face yielding and core crushing (Figure 23). Face yielding is the plastic collapse of the
metal face sheet when the stress exceeds the yield strength of the material (Totten, Tiryakioglu,
and Kessler 2018). Core crushing, on the other hand, is a core failure mode that is caused by
cell-wall collapse due to cell-wall buckling when the flexure-induced compressive loading exerted
upon the core exceeds the critical collapse strength of the core (Staal et al. 2009; Haghpanah
et al. 2014).

According to Gibson and Ashby (Gibson and Ashby 1997), the critical collapse strength of
honeycombs (rcollapse) can be estimated using the following relationship (Eq. (2)):

rcollapse ¼ 3 t
2 a cosu 1þ sinuð Þ ry (2)

where u is the cell wall angle, a is the cell wall length, t is the cell wall thickness and ry is the
yield strength of the honeycomb’s solid material. Given that ry for aluminum is 280MPa, the
core’s critical collapse strength was found to be approximately 1.62MPa. On this basis, the simu-
lation suggests that the maximum stresses at both the lower aluminum sheet and the aluminum
honeycomb core are within the permissible limits. This indicates that the heliostat’s composite
structure, with an achieved weight reduction of approximately 20% compared to the existing
148m2 steel-based ATS heliostat (Kolb et al. 2007), is unlikely to experience material failure and
should maintain a very high optical performance when subjected to winds of 20m/s and below.
Based on these observations, it can be concluded that honeycomb sandwich composites are highly
suitable for use as a heliostat mirror support structure.

Figure 22. Wind velocity and tilt angle effects on the heliostat’s maximum recorded stress for 90� wind incidence angle.
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4. Conclusion

This study investigated the use of honeycomb sandwich composites to develop a rigid, lightweight
heliostat mirror support structure with the capability to endure the aerodynamic loads imposed
upon them during operation. Numerical fluid-structure interaction (FSI) study was performed for
several loading conditions with various tilt and wind incidence angles, to examine the structural
behavior characteristics of the sandwich composite panel. The structural responses showed mark-
edly different behavior characteristics under different operational conditions. From the results, it
was shown that the effect of the heliostat’s tilt orientation on the sandwich panel’s maximum
deflection and stresses becomes more pronounced as wind velocity increases above 10m/s. This
effect becomes more vital and the difference in the maximum displacement and stress values at
different tilt angles escalated to a maximum at a wind velocity of 20m/s. The study also showed
that increasing wind incidence angle affected the recorded maximum displacement and stress
results by reducing their magnitudes at different rates. When wind struck the heliostat structure
at 0� and 45� incidence angles, the shielding effect caused by the supporting components and tor-
que tube was clearly noticeable when the incoming wind acted on the reflector’s back surface,
and the maximum displacement and stress values were slightly lower compared to those recorded
when the flow acted on the heliostat’s mirror surface. From the operational conditions studied, it
was concluded that the worst case was found to be at a tilt angle of 30� under the effect of wind
flow at 0� to the heliostat surface with a velocity of 20m/s. Despite this observation, it was found
that the heliostat managed to maintain its structural integrity according to relevant optical and
material failure standards, proving the potential of honeycomb sandwich composites in develop-
ing a stiff lightweight heliostat support structure that can withstand wind loads.
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Appendix A

Determining a proper size for the sandwich panel’s supporting steel attachments that minimizes the overall weight
of the mirror support structure (in comparison to the support structure of the existing 148m2 steel-based ATS
heliostat that weighs around 1550 kg (Kolb et al. 2007)) while maintaining its structural integrity requires investi-
gating the effect of attachment sizes on the heliostat panel’s structural behavior. Different attachment sizes were
tested (Figure 24) to check their effects on the heliostat surface’s maximum recorded displacement when the struc-
ture is tilted at an angle of 30� and experiencing wind at 0� incidence angle with a velocity of 20m/s.

As can be seen from Figure 24, which demonstrates the displacement and weight reduction percentage varia-
tions at various attachment sizes, as one may expect, increasing the size of the attachment reduces the recorded
maximum displacement values significantly. However, this improvement comes with a major decrease in the

Figure 24. Attachment sizes investigated in the study.
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attained weight reduction. For reliable operation of a heliostat, the structure should be able to keep its deformation
below 21.3mm (as derived from Bj€orkman’s (Bj€orkman 2014) approach of calculating the maximum allowable dis-
placement) such that the acceptance angle loss of its reflective surface resides within tolerable limits. From the
results, it is clear that the most desirable tradeoff between the heliostat panel’s structural deformation and attained
weight reduction is when the panel is supported by attachments with a length of around 6m, hence the 6m attach-
ment size was selected for further FSI analysis.

Appendix B

Nomenclature

t Sheet thickness
a Cell wall length
u Core angle
E Young’s modulus of the honeycomb’s solid material
v Poisson’s ratio of the honeycomb’s solid material
G Shear modulus of the honeycomb’s solid material
q Density of the honeycomb’s constituent material
E1 Young’s modulus of the honeycomb core in direction 1
E2 Young’s modulus of the honeycomb core in direction 2
E3 Young’s modulus of the honeycomb core in direction 3
v12 Poisson’s ratio of the honeycomb core in plane 1–2
v23 Poisson’s ratio of the honeycomb core in plane 2–3
v13 Poisson’s ratio of the honeycomb core in plane 1–3
G12 Shear modulus of the honeycomb core in plane 1–2
G23 Shear modulus of the honeycomb core in plane 2–3
G13 Shear modulus of the honeycomb core in plane 1–3
qhoneycomb Density of the honeycomb core

E1 ¼ t3 1þ sinuð Þ
12 a3cos3u cosu

3 � 1þcosu
8

h i
1� v2ð Þ

E (1)

E2 ¼ t3cosu

1þ sinuð Þ a3 sin2u 1� v2ð Þ E (2)

E3 ¼ 2 t
a cosu 1þ sinuð Þ E (3)

G12 ¼ t3 1þ sinuð Þ
a3 1� v2ð Þcosu 6:25� 6 sinuð Þ E (4)

G23 ¼ 10 t
9 a cos3u 1þ sinuð Þ G (5)

G13 ¼ 2 t
a cosu 1þ sinuð Þ G (6)

v12 ¼ cos2u
sinu 1þ sinuð Þ (7)

v23 ¼ t2 cos2u

2 a2 sin2u 1� v2ð Þ v (8)

v13 ¼ t2 1þ sinuð Þ2

24 a2 cosu cosu
3 � 1þcosu

8

h i � v

1� v2ð Þ (9)

q honeycomb ¼
3 t

2 a cosu 1þ sinuð Þ q (10)
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