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Abstract. Vortex shedding and the resultant transient loadings on a medium sized heliostat are investigated in this paper.
Reynolds-Averaged Navier-Stokes (RANS) Computational Fluid Dynamics (CFD) is used as a validation case along with
laminar and Large Eddy Simulation Fluid-Structure Interaction (FSI) validation. 2-Dimensional unsteady RANS and FSI
are performed where the shedding frequency is found at the experimentally predicted Strouhal number, which is also in the
region of concern as confirmed via a modal analysis of the heliostat structure. Stress-Blended Eddy Simulation (SBES) is
then used as a scale-resolving method in order to accurately simulate the transient peak loading and vortex shedding in
three dimensions. The SBES simulation results show that the 2D URANS results captured one of the main vortex-shedding
frequencies. Initial deformation results from a transient structural analysis using the temporal SBES heliostat surface
pressure fields as input indicate that the method holds promise in predicting the transient response of heliostats.

INTRODUCTION

Heliostat structures make up a large portion of the initial capital cost of a central receiver concentrating solar power
plant due to the amount of heliostats needed, especially for medium-sized heliostats like the LH-2 used at Ivanpah
(173 500) [1]. As can be seen in Fig.1 [2], the heliostat field can account for almost a third of the costs of a
Concentrated Solar Power (CSP) tower plant. Improving the design of heliostats to be lighter, use less material and
require smaller actuators would all be cost-reducing drivers. Wind loading is the main factor that may cause
degradation in heliostat optical and structural performance and plant availability.
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FIGURE 1. Breakdown of different CSP costs [2]

Heliostats are by nature very active pieces of hardware, their function in reflecting the sun’s solar radiation requires
that they constantly track the sun’s position with movement about at least two axes. The angle of the mirror constantly
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changes throughout the day; this leads to varying wind loads on the heliostat, and coupled with the individual
heliostat’s placement in the field, creates fluctuating conditions that need to be designed for. Heliostats that are located
on the outer edge of the heliostat field face greater wind loads than those that are sheltered near the centre. For optimal
operation the heliostats are required to be as stiff as possible, both statically and dynamically.

The fact that the heliostats have to face the natural elements, particularly wind, makes their design a highly complex
task. Atmospheric Boundary Layer (ABL) modelling is needed to try and replicate the conditions experienced by the
heliostats on the ground. ABL modelling is in itself a complicated area of science and numerous papers exist detailing
the best approaches that should be used when modelling this in Computational Fluid Dynamics (CFD). Many factors
can influence the models such as boundary and inlet conditions, and the nature of wind loading is in itself stochastic.
This leads to the problem of over and under-design of the heliostats, over-design due to the poor prediction of the
wind loads means that the heliostat structures are larger than they need to be and ultimately more expensive than they
should be. This is the main issue that this project attempts to deal with, reduction of costs based on the optimal design.
Under-design is just as much of an issue as this would lead to the inevitable failure of the heliostat before its designed
lifespan, causing excessive maintenance costs and possibly the closure of an operational plant.

When refining heliostat designs, fluid-structure interaction (FSI) becomes more important and needs to be well
understood to assess its affect. To reach this goal, this study proposes a two-way coupling of ANSYS Fluent CFD and
ANSYS Mechanical Finite Element Analysis (FEA) on a simplified version of the LH-2 heliostat, henceforth called
the “heliostat”, seen in Figure 2.

4852mm -]—350mm - == 25mm
-=t- 352 25mm ~ == |=— 189mm —»|l= 86
—— 2250mm ——{™ 352mm ‘ y [~ 8émm 124mm —{ |=—
@175mm — }
j—\ 492mm
3210mm I~ - | | .
915mm |
1900mm f B !
* 642mm
29%5mm || |
i

@B175mm | f—

FIGURE 2. Computational model of the simplified LH-2 heliostat
METHODOLOGY

The first step in accurately modelling the flow over a heliostat is correctly characterising the ABL. Blocken et al
[3] and Richards and Norris [4] provide guidelines for the correct modelling of the ABL. Blocken et al stress the need
for a horizontally homogeneous ABL in the computational domain, this means that in the vertical profiles of the mean
velocity and turbulence there is an absence of streamwise gradients. This will occur when the mean velocity and
turbulence profiles are in equilibrium with the roughness characteristics of the ground surface [3]. Richards and Norris
[4] detail certain requirements for the ABL to achieve homogeneity, the boundary conditions, turbulence models and
the associated constants must be consistent. Blocken et al [3] describe four requirements that need to be simultaneously
satisfied if the wall roughness is expressed by an equivalent sand grain roughness in the wall functions which is the
case here. The four requirements are listed below:

1. A sufficiently high mesh resolution in the vertical direction close to the bottom of the computational domain.
. A horizontally homogeneous ABL flow in the upstream and downstream region of the domain.
3. A distance y, from the centre point P of the wall adjacent cell to the wall that is larger than the physical
roughness height K of the terrain. (No longer needed due to software advances)
4. Knowing the relationship between the equivalent sand grain roughness height and the corresponding
aerodynamic roughness length z, [3].

Once the ABL is modelled correctly, the mean flow over the heliostat can be modelled with confidence using
Reynolds-Averaged Navier-Stokes (RANS) CFD, here using either the Realizable k- ¢ (RKE) and SST k-w turbulence
models. As the first step in accounting for transient effects, Unsteady RANS (URANS) is implemented in the 2D two-
way Fluid Structure Interaction (FSI) as well as the 3D two-way FSI. An example of the ANSYS Workbench setup
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for a two-way FSI simulation using System Coupling can be seen in Figure 3. A modal analysis is performed on the
full-scale 3D heliostat in order to investigate the frequencies that may be of concern with regards to vortex shedding
and transient peak loadings. To resolve peak loadings, Scale-resolving CFD is implemented using the Stress-Blended
Eddy Simulation (SBES) model, a hybrid model that utilises both RANS and Large Eddy Simulation (LES)
capabilities. The wall bounded flow is modelled with the SST k-w model while the main turbulence features of the
flow are resolved with LES. This is used in order to assess the peak loadings on the heliostat due to the vortex shedding
which cannot be modelled using URANS. The pressure field developed on the heliostat structure is transferred to
ANSYS Mechanical where a transient structural analysis is performed. In the current study, both one-way and two-
way coupling are investigated using 2-D and 3-D models, with the aim of finding the most cost-effective way of
determining peak loadings.
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FIGURE 3. ANSYS Workbench two-way FSI simulation layout.
MODELLING THE ABL WITH RANS

The ABL was validated using the wind tunnel experiments of Peterka [7]. The inlet velocity profile and the
turbulence intensity profiles of Peterka were used to find an optimal aerodynamic roughness height z, that would
allow the profiles used in the CFD to be as accurate as possible. The normalized velocity profile used can be seen in
equation 1:

vz _ _ln(%) (1)
URef ln(zng )

with ug.rthe velocity at a reference height, zz.. The only value that can be altered to match a given velocity profile
is that of the aerodynamic roughness z,, given the information and the profiles from the Peterka study. Either an
optimized z, can be found for the inlet velocity profile using equation 2, or an optimal z, can be determined to model
the turbulence intensity profile using equation 3. The profiles for the optimized velocity profile and turbulence profiles
can be seen in Fig. 4, when using equation 2 or 3, respectively. As matching the turbulence intensity profile does not
influence the velocity profile matching to a large extent, it is used in the rest of the study.
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FIGURE 4. Optimized velocity and turbulence intensity profiles based on a) matching velocity, b) matching turbulence
intensity.

The wind tunnel and CFD results of Huss et al [1] were used as validation of the implementation of the current
RANS method (RKE). Figure 5 shows the mean drag and torque tube moment coefficients over various elevation
angles. The current CFD predictions of force and moment coefficients are within 18% of the experimental bands and

outperform the CFD results of [1]. The validation provides confidence in the use of RANS as precursor for scale-
resolving CFD.
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FIGURE 5. Drag and torque-tube moment coefficient validation (RWDI-CFD and WT results from [1]).

2D FLUID-STRUCTURE INTERACTION AND MODAL ANALYSIS

An FSI validation is conducted on the numerical simulations presented by Bungartz and Schifer [5] on a flexible
flap attached to a cylinder in both laminar and turbulent flow. The case makes use of a one-cell thick domain, LES is
used for the turbulent validation case. The results of the FSI validation are an exact match, Figure 6a) shows the
accuracy in the Fast Fourier Transform (FFT) of the FSI simulation. The FFT for the displacement of the trailing edge
of the flap is an identical match to the Strouhal number provided by [5]. Velocity magnitude and pressure contours
are also displayed for the laminar (Fig.6b)) and turbulent case (Fig.6¢)). The FSI validation performed in ANSYS
Workbench with the use of System Coupling is thus successfully validated.

A Modal analysis was performed for the heliostat structure, as summarized in Figure 7. The modal frequencies
obtained are in a similar range as those of Griffith et al [8]. The structural meshed model is shown in Fig.7a) along
with the table of the first five modal frequencies (Fig.7b)). The modal analysis provides insight into the natural
frequency ranges of the heliostat that need to be avoided during vortex shedding. A 2D two-way FSI simulation was
conducted on the heliostat using SST k-w URANS and System Coupling. The results of this simulation show that the
vortex shedding attained match perfectly to the predicted results from the Matty [6] wind tunnel experiments of
Strouhal numbers of the vortex shedding behind a flat plate. The velocity contour plot is shown in Fig. 7d) for the 2D
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two-way FSI along with the FFT of the CFD-only drag coefficient signal (Fig.7c)). The FFT clearly shows the main
frequency component of the drag due to regular vortex shedding visible in Fig.7d) as the predicted 0.5 Hz, with an
additional component in the 1 Hz range and a smaller spike at around 1.5 Hz. This 1.5 Hz spike is of interest as it is
in the vicinity of the first mode of the heliostat structure found in the modal analysis.
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FIGURE 6. Two-way FSI validation of flexible flap. a) Power spectrum of displacement (laminar CFD, compared to results of
[5], b) Velocity contours of laminar case, ¢) Pressure contours of turbulence case

SCALE-RESOLVING CFD AND ONE-WAY FSI

Due to the inability of URANS to model vortex shedding for this geometry in 3D (not presented here), scale-
resolving CFD was used to accurately resolve the turbulent structures thus providing the transient peak loadings
experienced by the heliostat. The SBES hybrid model was implemented as it allows a coarser mesh on the wall
boundary flow to be employed as this is modelled with SST k- RANS while the LES capabilities of the SBES model
are used to resolve the turbulence generated by the heliostat and introduced at the inlet of the computational domain.
The SBES CFD case consists of approximately 28 million computational cells. The inlet synthetic turbulence is
generated via the Vortex Method. Turbulence then is allowed to be produced and dissipated using the SBES method.
At a location just upstream of the heliostat, the energy spectrum of the flow can be seen in Figure 8. The anisotropic
large-scale eddies as well as the inertial subrange is resolved by LES up to subgrid-scale frequencies where the viscous
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dissipation is modelled. Kolmogorov’s theory predicts a slope of -5/3 for the inertial sub range, which is captured to
a large extent as seen in Fig. 8
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FIGURE 7. a) Heliostat structural mesh, b) first five modal frequencies, ¢) FFT of the 2D CFD drag coefficient signal, d) 2D
two-way FSI velocity contour plot
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FIGURE 8. Turbulence spectrum in freestream of SBES simulation just upstream of the heliostat.
The SBES simulation is run for approximately 20 seconds with the computational domain being roughly 100m in
length, this equates to 2x fluid flow throughs of the domain providing enough flow information for data statistics. The

SBES simulation is conducted for both the 0° (upright) case where the drag is a maximum and for the 60° elevation
angle case where the torque-tube moment is a maximum (Fig.5). The drag coefficient for both cases along with the
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lift and torque tube moment for the 60° case can be seen in Figure 9. There are numerous uncharacteristic spikes in
the drag and lift coefficient histories which may be due to the Vortex Method creating spurious high and low pressure
cells that attack the heliostat. The comparison between the averaged SBES results and those of the experiments of
Ref.1 is promising, but may point to a longer run-time being required.

The FFTs of signals of the heliostat drag coefficient and the velocity magnitude of a monitor point in the wake of
the helsiotat from the SBES simulation are shown in Figure 10. Both FFTs contain a strong 0.5 Hz frequency
component as found in the 2D case (Fig.7c) and as predicted from the experimental results of [6] as the main shedding
frequency. The frequency content of the drag signal (Figure 10a)) dissipates after approximatley 1 Hz while the
velocity monitor of the wake indicates the presence of strong frequencies up to roughly 2.5 Hz (Fig.10b). As is the
case with the 2D simulation, the first 3 modes of the heliostat structure occur around these frequencies.
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FIGURE 9. Drag coefficient for a) 0° and b) 60° case and c) lift and d) torque tube moment coefficient for 60° SBES as
compared to averaged experimental results of Ref.1.

There is a prominent frequency component at 1.73 Hz in the velocity point monitor, that has the ability to resonate
the structure, this demonstrates the need to investigate the structural response with the use of one-way FSI. To visualise
the turbulent structures that are responsible for the frequency reponse, iso-surfaces of Q-criterion coloured by velocity
magnitude show the coherent structures shed by the heliostat and formed in the wake, (Fig.11a) and b)), with Q-
criterion values chosen to highlight the appropriate scales.
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FIGURE 10. a) Drag coefficient and b) wake velocity point monitor FFTs

The results for the one-way FSI employing the pressure output data claculated using SBES are shown in Figure
12 using 3 seconds of SBES flow time in the developed flow regime. The deformation of the heliostat can be seen as
asymmetric as the top right corner of the mirror is seen to be more heavily deformed. Fig.12c) shows the vertex
displacement in the flow direction of the top right corner, demonstrating the oscillatory nature of the helistat when
responding to the ABL flow. As yet an FFT of the results has not been conducted, but the dominant frequency in
Fig.12c) can be estimated to be around 2.7Hz, implying that the 3" mode in Fig.7b) could be excited.
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CONCLUSIONS

The 2D URANS simulations of a simplified heliostat geometry appear to offer promising results for the prediction
of the vortex shedding frequency. This is an important result as 3D URANS was unable to model any transient
behavior in the wake of a geometry such as this, let alone be accurate. There exist several modal frequencies in the
range of possible vortex shedding frequencies that could be excited by the wind. The preliminary results of the one-
way FSI show that the response of the heliostat to the pressure field derived from the SBES simulation may be of a
higher frequency than that of the predicted main vortex shedding frequency. The method demonstrated above for the
prediction of vortex shedding from a heliostat and determining the resultant deformation therefore shows promise.
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