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Abstract

Heliostats constitute essential elements within concentrating solar power (CSP), where their
structure, load profiles, and operational environment render wind loads a critical factor in
their design considerations, as these loads directly impact the cost of energy generation.
The aerodynamics significantly influence wind-induced effects, resulting in considerable
variability in wind loads among different heliostat geometries. This study utilizes the Com-
putational Fluid Dynamics (CFD) methodology to systematically examine the aerodynamic
behavior of an isolated pentagonal heliostat. Employing the Unsteady Reynolds-Averaged
Navier–Stokes (URANS) equations with an atmospheric boundary layer inlet condition, the
investigation focuses on the flow field and wind load characteristics at four representative
pitch angles: 0◦ (stow position), 30◦, 60◦, and 90◦. Findings indicate that the pitch angle
exerts a decisive impact on flow separation patterns. Specifically, as the elevation angle
decreases, the flow regime shifts from being predominantly influenced by the mirror sur-
face to being governed by the support structure, mediated through an interactive coupling
between these components. At the 60◦ operational pitch angle, the pentagonal heliostat’s
distinctive corner geometry induces an asymmetric vortex configuration—characterized
by a smaller vortex at the top and a larger one at the bottom—thereby disrupting the
conventional vortex distribution observed in symmetric heliostat designs. A further analy-
sis of wind load characteristics indicates that, compared to a quadrilateral heliostat, the
pentagonal mirror exhibits a significantly lower Elevation Moment Coefficient, despite a
slight increase in the normal force coefficient. This reduction is attributed to a balancing
mechanism: the “vortex structure asymmetry” creates an upper-large–lower-small distri-
bution of absolute negative pressure on the support surface, while the “stagnation point
position” shift with elevation angle produces an upper-small–lower-large distribution of
absolute positive pressure on the reflector. The interaction between these opposing trends
minimizes the net pressure differential across the mirror height, thereby contributing to
superior overall aerodynamic performance. The reduction in the elevation moment coef-
ficient contributes to enhanced structural wind resistance, thereby improving the overall
energy efficiency and economic viability of concentrating solar power.

Keywords: pentagonal heliostat; Computational Fluid Dynamics (CFD); flow field;
Aerodynamic Force Coefficients
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1. Introduction
To address the global energy crisis, the accelerated deployment of clean energy—

particularly wind and solar—has become central to restructuring the global energy system.
Solar power tower (SPT) technology is increasingly attractive because it is well-suited
to large-scale energy storage and can deliver more stable power output. In SPT plants,
heliostats continuously track the sun and reflect solar radiation onto the receiver at the
top of the tower [1–3]. However, heliostats are typically large-span, lightweight structures
with low damping and low natural frequencies. Under complex and unsteady wind
conditions, wind-induced deformation and vibration of the mirror surface can cause focal
spot displacement and defocusing, which in turn reduces concentration efficiency and
overall power-generation performance [4,5]. Therefore, understanding the wind-induced
dynamic behavior of heliostats and developing effective control/mitigation strategies are
critical for operational safety and performance optimization [6–9].

Wind load is a governing design consideration for heliostat structures; evaluating
wind-resistance performance provides a basis for selecting design wind-load parameters
and controlling deformation and vibration [10,11]. In recent years, CFD and coupled
CFD–FEM approaches have been widely used to predict shape coefficients, wind-induced
moments, and field interference effects. Ahmad et al. used CFD with a k–ε model to exam-
ine heliostat aerodynamics under local climate across 0–90◦ elevation angles and reported
peak drag at 90◦ and peak lift at 30◦, with FEM checks supporting structural integrity under
the computed loads [10]. Mahfoud et al. emphasized that heliostats contribute roughly
45% of solar tower costs and applied CFD–FEM simulations under Algerian conditions,
validating wind-load predictions against experimental data across multiple configura-
tions [11]. Focusing on turbulence-model performance, Lu et al. validated CFD predictions
of wind pressure and flow fields against wind-tunnel measurements and showed improved
accuracy for an MMK-modified k–ε model [12]. Lu et al. further compared LES and DES to
identify adverse operating conditions and shape coefficients, concluding that LES agreed
more closely with experiments [13]. Using high-fidelity simulation for array effects, Zhu
et al. developed LES-based models for heliostat arrays under five representative scenarios
and obtained fluctuating pressure coefficient distributions at different field positions [14].
Li et al. demonstrated that LES can quantify both mean and peak wind loads and reported
that loads on support components contribute more than 50% of the mean lift and overturn-
ing moment in survival orientations, implying that survival-load evaluation must include
these components for reliable design [15]. For open-terrain wind-load prediction, Poulain
et al. used the Scale-Adaptive Simulation (SAS) and compared spectral versus vortex inlet
perturbations; while mean drag matched wind-tunnel results closely (0.04% error), peak
loads deviated by about 18%, which they linked to limitations in the turbulent length scale
represented at the inlet [16].

Despite these advances, much of the existing literature remains centered on load out-
comes (e.g., surface pressure distributions and aerodynamic/shape coefficients), while the
mechanisms driving these responses—wake separation and reattachment, vortex shedding,
and other unsteady aerodynamic processes—are less systematically investigated. This gap
hinders the development of wind-resistant design and control strategies grounded in flow
physics. Recent studies have therefore begun to examine heliostat wake dynamics explicitly.
Yin et al. used CFD to quantify how support structures modify wake-flow characteristics
and explained the associated causes [17]. Wolmarans et al. computed both structural modal
frequencies and vortex-shedding frequencies and concluded that the mismatch between
them suppresses self-excited vibrations [18]. Li et al. used LES to analyze the flow around
a quadrilateral heliostat at different pitch angles and assessed the resulting load changes,
noting that although quadrilateral heliostats show relatively uniform pressure under steady
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inflow due to geometric symmetry, high tilt angles can promote large leeward vortices and
pronounced fluctuations of the moment coefficient that threaten stability [15].

Pitch angle is also a key parameter governing wind effects, and pentagonal heliostats
are another common design. Blume conducted full-scale field tests on a pentagonal heliostat
and derived pressure coefficients at specific pitch angles [19]. Emes and Jafari et al. estab-
lished relationships between the hinge-moment coefficient and relevant parameters [20].
Merarda et al. used numerical simulations to show that optimizing mirror-frame geometry
(e.g., square or pentagonal forms) can significantly reduce critical wind loads on large solar
trackers, providing guidance for cost-effective and reliable optimization of metal structural
components (e.g., cast parts) [21].

To date, investigations into pentagonal heliostats have predominantly concentrated
on experimental approaches, with the characteristics of their wake flow remaining insuffi-
ciently elucidated. Hayden et al. used URANS and time-resolved PIV to characterize and
validate wake structures and vortex-shedding frequencies generated by thick-trailing-edge
StreamVane turning vanes, quantifying the agreement between CFD predictions and mea-
surements [22]. Castellani et al. combined wind-tunnel flow visualization (optical-flow
video processing) and URANS simulations, validated with pressure-tap measurements,
to characterize the wake and vortex-shedding-induced dynamic response of a tilted (65◦)
PV panel under complex wind loading [23]. To address the above gap for pentagonal
heliostats, the present study applies the Unsteady Reynolds-Averaged Navier–Stokes
(URANS) methodology within Computational Fluid Dynamics (CFD) simulations. This ap-
proach extends the analysis beyond conventional assessments of mean loads and pressure
distribution to a detailed investigation of the underlying flow-field structures and their
evolution mechanisms. The study systematically examines the developmental patterns of
the two-dimensional wake flow field under conditions of strong wind and evaluates the
distribution of wind pressure and aerodynamic loads on the heliostat across varying eleva-
tion angles. The objective is to enhance the fundamental understanding of wind-induced
phenomena affecting heliostats from an aerodynamic perspective, thereby offering valuable
insights for future aerodynamic shape optimization and wind-resistance design strategies.

2. Model Establishment and Parameter Definition
2.1. Working Attitudes and Simulated Conditions

The principal function of a heliostat within a solar power tower facility is to con-
tinuously and precisely direct sunlight onto the receiver located atop the central tower
throughout varying times of the day and across different seasons. Given the dynamic
nature of solar altitude and azimuth angles, as well as the diverse geographical positioning
of heliostats within the field, each heliostat must adjust its spatial orientation in real-time
through programmed control systems to maintain optimal concentration efficiency. Conse-
quently, heliostats operate under a wide range of orientations during actual use, resulting
in varied relative alignments with respect to the incident wind flow. This variability in
orientation renders the wind load characteristics acting upon the heliostat highly complex.
The present study offers explicit definitions for the key angular parameters that govern the
heliostat’s attitude and mirror orientation.

The pitch angle (α) characterizes the rotation of the heliostat mirror surface about
a horizontal axis, typically parallel to the ground plane. As illustrated in Figure 1, the
pitch angle is defined such that α = 0◦ corresponds to the mirror panel being parallel
to the ground surface. This working attitude generally represents the “stow position”
employed during non-operational intervals (e.g., nighttime or adverse weather conditions),
designed to minimize the wind-exposed area and thereby reduce wind-induced loads.
During operational periods, the pitch angle varies continuously over a broad range—from
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approximately 0◦ (near-horizontal) to 90◦ (near-vertical)—in response to the sun’s position.
Variations in the pitch angle directly influence the mirror’s inclination within the vertical
plane, rendering it the most critical parameter affecting both the wind-facing surface area
and the distribution pattern of wind pressure.

Figure 1. Schematic of the heliostat parameters.

To facilitate a precise description of the surfaces subjected to wind loads, this paper
delineates two principal orientations of the mirror surface: (1) The Reflective Surface, which
constitutes the front side of the mirror assembly and is characterized by a polished or coated
finish specifically designed for sunlight reflection. In wind load analyses, when this surface
faces the incoming wind flow, the condition is classified as positive wind pressure. (2) The
Supporting Surface, which refers to the rear side of the mirror assembly and is connected
to the supporting truss or drive mechanism.

To support the evaluation of the mean pressure coefficient and mean shape coefficients,
302 pressure taps were distributed on the pentagonal heliostat, with 151 points arranged
in the same pattern on both the reflective and supporting surfaces. This mirrored layout
enables full-surface integration of the shape coefficients. The tap locations and coordinates
are shown in Figure 2 (red markers indicate pressure taps).

In practice, heliostat pitch and wind azimuth vary continuously. To isolate the fun-
damental load characteristics, four representative pitch angles (90◦, 60◦, 30◦, and 0◦)
were considered under a wind azimuth of 0◦, i.e., head-on inflow. This azimuth typi-
cally produces the largest wind load on the reflective surface and therefore provides a
conservative basis for assessing wind resistance. The selected pitch angles represent the
following orientations:
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Vertical orientation (90◦): the most critical case for a given azimuth, with the largest
projected area and the strongest separation and vortex shedding, leading to high mean loads
and pronounced unsteady effects that can generate the maximum overturning moment.

Figure 2. Mirror pressure monitoring points.

Stow/horizontal orientation (0◦): the survival position used in extreme winds, which
minimizes projected area and wind load and is therefore relevant to aerodynamic mitigation
and structural safety [24].

Typical operating orientations (60◦ and 30◦): representative sun-tracking attitudes
where load characteristics are important for fatigue assessment and for maintaining long-
term structural integrity and optical accuracy.

2.2. Computational Domain and Mesh

Before conducting the CFD simulations, the heliostat geometry and computational
domain were defined to ensure both accuracy and efficiency. The solid model was simplified
to retain only the flow-dominant components—namely the pylon, purlins, truss, and
mirror panels—which govern separation and surface pressure distribution. Small details
(e.g., push rods and bolted connections) were omitted because their influence on the global
flow field is negligible. The domain size was selected to satisfy two requirements: (i) it
must be large enough to avoid artificial boundary effects on the flow development around
the heliostat, and (ii) it must not be unnecessarily large to prevent excessive cell counts.
The domain cross-section (width and height) was determined using the blockage ratio,
defined as the ratio of the model’s maximum projected area normal to the inflow to the
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inlet cross-sectional area. Baetke et al. [25] reported that keeping the blockage ratio below
3% effectively minimizes wall-interference effects, ensuring reliable numerical predictions.

S = AB/AC (1)

AB is defined as the windward projected area of the structure, and AC is defined as
the cross-sectional area of the flow domain.

In establishing the dimensions of the computational domain, it is essential not only
to maintain the blockage ratio below 3% but also to provide adequate space within the
flow domain to allow the fluid flow to fully develop. This consideration is critical for
accurately capturing the complex flow phenomena around the heliostat, particularly the
formation and evolution of the wake flow. Consequently, the computational domain must
be sufficiently extensive in both the streamwise (length) and spanwise (width) directions.

The heliostat, capable of rotating about an axis, exhibits significant variations in its
geometric exposure to wind flow as a function of the pitch angle (α). When the mirror
surface is parallel to the ground (α = 0◦), the windward face approximates a horizontal
flat plate with a compact planform. Conversely, when the mirror surface is perpendicular
to the ground (α = 90◦), it presents the maximum frontal projected area to the wind, with
its vertical dimension becoming dominant. This substantial change in effective wind-
intercepting geometry complicates the definition of a universally applicable computational
domain size.

To ensure the wake flow is fully developed under all operating conditions and to
prevent backflow interference from the outlet boundary affecting the upstream flow field,
this study adopts a unified computational domain size based on the most demanding
scenario. Specifically, the working attitude with a pitch angle of 90◦ (vertical mirror) is
selected as the reference model. Preliminary simulations of this case, coupled with an
incremental increase in the distance from the leeward side to the domain outlet, facilitate
the determination of a sufficiently large computational domain suitable for all pitch angle
conditions. The detailed parameters are provided in Table 1.

Table 1. Geometric Parameters of the Computational Domain.

Case (α–β) Domain
Height

Domain
Width

Upstream
Length

Downstream
Length

Blockage
Ratio

90–00 4 m 8 m 6 m 8 m 1.6%
60–00 4 m 8 m 6 m 8 m 1.4%
30–00 3 m 8 m 4 m 6 m 1.1%
00–00 3 m 8 m 4 m 6 m 0.17%

To improve computational efficiency without compromising accuracy, a robust mesh-
ing strategy is essential. Following Wang et al. [26], a hybrid mesh is adopted to provide
high resolution near complex geometry while keeping the outer domain economical. A
near-wall refinement zone is defined as a region enclosing the heliostat. This region uses
adaptive unstructured tetrahedral cells with local refinement to capture separation, reat-
tachment, and strong pressure gradients. Outside this region, the external flow-field zone
is meshed with structured hexahedral cells, which reduces cell count and accelerates the
solution while maintaining numerical stability. The two zones are connected by an internal
interface with quadrilateral surface elements to ensure a smooth transition from fine to
coarse mesh sizes and to avoid errors associated with abrupt grid changes. For thin compo-
nents (e.g., the mirror panel), triangular surface elements are used to simplify discretization
while adequately resolving the surface pressure distribution (Figures 3 and 4).
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Figure 3. Overall mesh for the 90◦ (vertical mirror) working attitude.

Figure 4. Local mesh details for the 90◦ working attitude.

To achieve an optimal balance between computational accuracy and efficiency, a grid
independence study was initially performed, as summarized in Table 2. This investigation
focused on two pivotal working attitudes characterized by pitch angles of 30◦ and 0◦. For
each working attitude, three grid resolutions—coarse, medium, and fine—were developed,
each with an incrementally higher number of cells. Importantly, although the normal
force coefficient shows differences approaching (or locally below) 6% for some cases, the
corresponding EMC and AMC differences between the medium and fine meshes are both
below 3%. This indicates that the solution has entered a regime of diminishing sensitivity
to further mesh refinement and that the overall variation due to grid refinement is already
small. Based on these supplementary metrics, we consider the results to be sufficiently
mesh-converged for engineering accuracy.

Table 2. Comparison of Shape Coefficients for Grid Independence Study. (The value in parentheses
indicates the magnitude of the difference.)

Mesh Type Case Total Structured
Cells

NFC
(Reflective

Surface)

NFC
(Support
Surface)

EMC AMC

Coarse
Mesh

30◦ 8,984,879 5,661,728 0.6544 −0.6437 −0.022 0.00123
0◦ 7,609,774 4,266,786 −0.0616 −0.0252 0.0127 8.50 × 10−4

Medium
Mesh

30◦ 9,612,131 6,076,931 0.6287
(5.7%)

−0.6775
(5%) −0.021 (2.8%) 0.0012 (1.6%)

0◦ 8,683,712 5,139,462 −0.0587
(5.9%)

−0.0237
(2.2%) 0.0138 (2.9%) 9.00 × 10−4

(2.2%)

Fine Mesh
30◦ 10,016,181 6,260,212 0.6667 −0.6450 −0.0216 0.00122
0◦ 9,603,245 5,837,841 −0.0548 −0.0232 0.0134 9.20 × 10−4
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2.3. Turbulence Model and Boundary Conditions

The numerical model and boundary conditions utilized in this investigation align with
those implemented by Wang (refer to Figure 5 and Table 3), both of which are grounded in
the Unsteady Reynolds-Averaged Navier–Stokes (URANS) framework. Specifically, the
standard k-ε model (Standard k-ε Model), proposed by Launder et al. [24], was employed.

 

2m 
1m 

Figure 5. Schematic diagram of the CFD boundary conditions.

Table 3. Boundary Conditions Applied in the Numerical Simulation.

Location Applied Boundary Condition

Inlet Velocity inlet
Outlet Outflow

Wall

Lateral and top sides: symmetry boundary
condition, equivalent to a free-slip wall.

Heliostat structure and ground surface: a
no-slip condition.

Near-wall treatment; standard wall function.

It is acknowledged that the URANS approach, including the standard k-ε model,
has inherent limitations in accurately resolving transient flow features, such as large-
scale vortex shedding and unsteady separation, which are critical for predicting peak
wind loads. Consequently, the focus of this section’s URANS-based analysis is on the
reliable prediction of time-averaged (mean) wind loads and flow fields, which provide a
foundational understanding of the aerodynamic behavior. This model is formulated based
on the transport equation for turbulent kinetic energy (k) and incorporates an additional
equation for the turbulent dissipation rate (ε). It operates under the assumption of fully
turbulent flow, where molecular viscosity can be neglected. Equations (2) and (3) present
the transport equations for turbulent kinetic energy and dissipation rate within the standard
k-ε model. For coupling the solution of velocity and pressure fields, the SIMPLEC (Semi-
Implicit Method for Pressure-Linked Equations Consistent) algorithm was selected. Spatial
discretization was handled using a second-order upwind scheme [24]. The density and
dynamic viscosity of air were specified as ρ = 1.225 kg/m3 and µ = 1.789 × 10−5 kg/(m·s),
respectively. The convergence criterion for steady-state computations was set to an absolute
residual threshold of 1 × 10−6. Two primary computational configurations were employed:
one utilizing a total of 192 cores with 188 cores dedicated to parallel solving and 4 cores
reserved for graphical visualization, and another utilizing 128 cores with 124 cores for
parallel solving and 4 cores for visualization. The corresponding total computational wall
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times for achieving convergence were approximately 49 h and 52 h, respectively (refer to
Table 4).

ρ
∂k
∂t

+ ρ
∂(ρkui)

∂xi
=

∂

∂xj

[(
µ+

µt
σk

)
∂k
∂xj

]
+ Gk + Gb − ρε− YM + Sk (2)

ρ
∂ε

∂t
+ ρ

∂(ρεui)

∂xi
=

∂

∂xj

[(
µ+

µt
σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
+ Sε (3)

where Gk and Gb represent the production of turbulent kinetic energy due to mean velocity
gradients and buoyancy effects, respectively; YM denotes the contribution of fluctuating
dilatation in compressible turbulence to the overall dissipation rate; µt is the turbulent
viscosity coefficient; C1ε, C2ε is an empirical constant; C3ε is the buoyancy-related term,
which vanishes for incompressible flows; σk, σε are the turbulent Prandtl numbers for k
and ε, respectively; and Sk, Sε indicates any user-defined source term.

Table 4. Summary of Convergence Criteria and Computational Details.

Case (α–)
Absolute
Residual

Threshold
Total Cores Number of

Cores Used
Total Wall
Time (h)

90–0 ≤1 × 10−6 192 188 ≈49
60–0 ≤1 × 10−6 192 188 ≈49
30–0 ≤1 × 10−6 128 124 ≈52
00–0 ≤1 × 10−6 128 124 ≈52

The URANS methodology involves decomposing the governing flow equations into
mean and fluctuating components through time-averaging of the turbulent fluctuation
terms. This approach substantially diminishes computational complexity and resource
demands while preserving an acceptable level of accuracy. Due to its relatively low compu-
tational cost and robust numerical stability, the URANS method has emerged as the most
extensively adopted and technically advanced numerical technique for practical industrial
fluid flow simulations.

To accurately represent the actual wind characteristics of the atmospheric bound-
ary layer at the inlet of the numerical simulation—thereby improving the reliability and
precision of the results—this study employed a rigorously defined and systematically
validated inlet wind velocity profile. Specifically, wind speed time-history data at a ref-
erence height were established based on the target wind environment, capturing critical
temporal fluctuations in wind speed. The time-history data were derived from wind tunnel
tests conducted in the atmospheric boundary layer wind tunnel at Tongji University. The
wind speed at each point was measured using three Cobra probes (Turbulent Flow Instru-
mentation, Australia), with an acquisition frequency of 5 kHz and an output frequency
of 1 kHz, collecting 180 s of stable flow data as shown in Figure 5. A Category B wind
profile model, appropriate for neutral atmospheric conditions, was utilized to characterize
the vertical distribution of wind speed according to its standardized velocity coefficients.
The inlet wind velocity was simulated using an exponential wind speed profile (Equation
(4)), while the turbulent kinetic energy and dissipation rate were modeled accordingly
(Equations (5) and (6)). To establish a comprehensive inlet condition, the turbulent length
scale was determined directly from the measured wind tunnel velocity time series (Figure 6).
Applying Taylor’s frozen turbulence hypothesis, the time integral scale was calculated by
integrating the autocorrelation function of the velocity fluctuations. The spatial integral
scale was then obtained by multiplying the time scale by the mean velocity, resulting
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in a value of 1.24 m at the model scale. This derived length scale was prescribed in the
CFD model. Based on this parameterized model, the inlet velocity and turbulence field
definitions were implemented through a user-defined function (UDF) and imported into
the inlet boundary condition interface of the CFD solver.

 
Figure 6. Wind tunnel measured wind speed time history.

A comparison between the turbulence energy spectrum from the wind tunnel tests
and that from the CFD simulation shows good agreement in the energy-containing
range, which is governed by this integral scale (Figure 7). Some discrepancies are ob-
served at higher frequencies, consistent with the expected limitations of the turbulence
model in resolving finer-scale eddies. These elements were integrated to develop a three-
dimensional inlet wind field that simultaneously accounts for spatial and temporal vari-
ations. This comprehensive inlet condition incorporates time-dependent wind speed, an
atmospheric boundary layer-consistent wind speed profile, and the associated turbulence
intensity distribution.

Vz

V0
=

(
z
z0

)α

(4)

where z and z0 denote the computational height and the reference height, respectively,
Vz and V0 are the corresponding mean wind speeds at these heights, and α = 0.18 is the
ground roughness exponent for terrain category B.

k =
3
2
(VzIu)

2 (5)

ε =
C

3
4
µk

3
2

l
(6)

where Iu is the longitudinal turbulence intensity at the same height, Cµ is an empirical
constant (typically 0.09 in standard k-ε models), and l is the turbulent length scale.
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Figure 7. Comparison of turbulence spectra (Red represents , while black represents wind tunnel test).

To account for potential flow development effects between the inlet and the heliostat
(e.g., velocity-profile distortion or turbulence decay), ten upstream monitoring points
were placed 2 m in front of the model at heights from 0.1 to 1.0 m with 0.1 m spacing
(Figure 5). The sampled mean wind speed and turbulence intensity were used to construct
the inflow profiles (Figure 8) and were compared with the theoretical Category B wind-field
model [27]. The measured wind-speed and turbulence-intensity profiles agree well with
the theoretical predictions, and the deviations remain within acceptable engineering limits.

 
Figure 8. Profiles of wind speed and turbulence intensity.
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2.4. Non-Dimensional Coefficients

Raw wind-speed and pressure data from field measurements, wind-tunnel tests, or
CFD simulations depend on dimensional parameters such as the incident wind speed and
air density. To reduce this dependence and enable consistent comparisons across studies,
operating conditions, and model scales, the wind pressure, forces, and moments acting on the
heliostat are expressed in non-dimensional form (Figure 1). The definitions are given below:

(1) Surface Pressure Coefficient:
The surface pressure coefficient at different time instances

(
∆CPi

)
and the mean surface

pressure coefficient (∆CPi,mean) obtained by averaging these instantaneous values over time
are defined as follows:

∆CPi =
Pi

1
2ρv2

0
(7)

∆CPi,mean =
∑N

i=1 ∆CPi

N
(8)

where N represents the total number of data points at different time instances, and i denotes
the data at a specific time instance.

(2) Normal Force Coefficient (NFC):
A force oriented perpendicular to and directed away from the reflective surface of the

mirror is designated as positive, whereas a force in the opposite direction is considered
negative. Employing the methodology previously described, both the instantaneous normal
force coefficient and the mean normal force coefficient are subsequently determined.

(3) Elevation Moment Coefficient (EMC):
The torque generated by the airflow, which induces rotation of the mirror about its

horizontal (y) axis, directly influences the stability of the mirror’s pitching dynamics.
(4) Azimuth Moment Coefficient (AMC):
The torque generated by the airflow, which induces rotation of the mirror about its

vertical (x) axis, directly affects the mirror’s pointing precision and azimuth stability.

CNFC =
Fz

1
2ρv2

0A
(9)

CEMC =
My

1
2ρv2

0AL
(10)

CAMC =
Mx

1
2ρv2

0AL
(11)

where Fz, My, and Mx represent the normal force, elevation moment, and azimuth moment,
respectively; A denotes the mirror surface area; and L is the characteristic length, typically
taken as

√
A (note that the characteristic length L used for non-dimensionalization in

Equations (10) and (11) is the same).

3. Flow-Field Analysis
To systematically examine the flow characteristics around the pentagonal heliostat,

this study establishes a two-dimensional flow-field analysis framework by defining a set
of targeted measurement sections. Two groups of cross-sectional planes are introduced to
capture the dominant flow phenomena.

First, four vertical planes (Sections A–D) are placed at key positions on the mirror
surface—three corner locations and the central region (Figure 9). Oriented perpendicular
to the mirror base edge, these planes resolve vertical flow structures associated with
the heliostat–flow interaction, including separation, upward deflection, and downstream
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wake development. Comparing the corner and central sections further clarifies the three-
dimensional effects induced by the pentagonal geometry.

Figure 9. Schematic of the vertical sections.

Second, three horizontal planes (Sections E–G) are arranged at different elevations
along the mirror height and aligned with the corner regions (Figure 10). Parallel to the
ground, these sections characterize the spanwise evolution of the flow, capturing the
development of the horseshoe-vortex system near the lateral edges, corner-vortex formation,
and lateral spreading of near-wall flow. Together, the multi-level planes enable a systematic
assessment of how the heliostat modifies atmospheric boundary-layer flow from near-
ground to the mirror top.

Figure 10. Schematic of the horizontal sections.
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3.1. Flow Fields at the Four Pitch Angles

Figures 11–14 illustrate the section-wise streamline of the pentagonal heliostat at
representative pitch angles (0◦, 30◦, 60◦, and 90◦). These two-dimensional vortex structures
provide a consistent physical explanation for the evolution of the mean pressure coefficient
distributions on the reflective and supporting surfaces .

Figure 11. Velocity field and streamlines at α = 90◦. (a) Section A. (b) Section B. (c) Section C.
(d) Section D. (e) Section E. (f) Section F. (g) Section G.
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Figure 12. Velocity field and streamlines at α = 60◦. (a) Section A. (b) Section B. (c) Section C.
(d) Section D. (e) Section E. (f) Section F. (g) Section G.
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Figure 13. Velocity field and streamlines at α = 30◦. (a) Section A. (b) Section B. (c) Section C.
(d) Section D. (e) Section E. (f) Section F. (g) Section G.

https://doi.org/10.3390/fluids11020054

https://doi.org/10.3390/fluids11020054


Fluids 2026, 11, 54 17 of 30

Figure 14. Relative velocity distribution in the inflow direction.

At 90◦ (Figure 11), the mirror is normal to the incoming flow and produces a canonical
bluff-body wake. In the central vertical section (Section C), the flow exhibits a relatively
ordered recirculation with vortices of comparable scale, while the corner-related sections
(A, B, and D) increasingly reflect end effects and geometric constraints: the outer sections
simplify toward a single dominant vortex, indicating localized separation dominated by
the pentagonal corners. Despite the vertical-plane asymmetry introduced by the planform,
the horizontal sections (E–G) show a classical, laterally symmetric horseshoe-vortex system
composed of two counter-rotating vortices of similar size.

This directly explains the pressure field at 90◦: a broad windward positive-pressure
region forms on the reflective surface because of strong stagnation and the globally bluff-
body-like blockage. Meanwhile, the supporting surface experiences predominantly suction
associated with a widely separated wake; however, because the wake becomes more
globally symmetric at normal incidence, the supporting-surface pressure distribution
is comparatively regular and exhibits reduced in-plane non-uniformity. Consequently,
although the overall load level is high, the resultant force is less eccentric relative to the
rotation axis, so the elevation moment coefficient (EMC) does not necessarily peak at 90◦.

At 60◦ (Figure 12), the flow becomes more strongly three-dimensional than in the
90◦ case. Two unequal vortices form behind the mirror: a stable, large near-ground
recirculation and a smaller upper vortex. This split structure is primarily induced by
the reduced projected frontal area and the enhanced near-ground confinement, which
intensifies blockage and recirculation in the gap between the mirror rear face and the
ground. Importantly, the pentagonal corner near Section B acts as a robust separation
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trigger: it promotes earlier upper shear-layer separation, limits subsequent vortex growth,
and stabilizes a relatively small upper recirculation.

These mechanisms explain the mean pressure patterns at 60◦. On the reflective surface,
the stagnation region shifts upward, and the windward positive-pressure band becomes
more concentrated, indicating intensified stagnation and a stronger vertical pressure gra-
dient. On the supporting surface, persistent separation and near-ground recirculation
strengthen suction and increase spatial non-uniformity. Because the pressure field com-
bines “high windward positive pressure” with “strong leeward suction” in a vertically
imbalanced manner, the resultant force becomes highly eccentric, which promotes a large
EMC even if the net load is not maximal.

At 30◦ (Figure 13), the aerodynamic regime transitions from mirror-dominated to a
coupled system governed by both the mirror and the support (pylon and rear structure).
As the mirror elevation decreases, its effective wind-facing area reduces, and the support
increasingly controls separation and wake organization. In vertical Section C, interference
effects around the pylon generate localized, small-scale vortices that rapidly dissipate
downstream through turbulent mixing. In horizontal planes, multiple vortices of different
scales coexist and interact, producing a strongly three-dimensional and unsteady wake
rather than the orderly vortex pair observed at higher pitch angles.

This is consistent with the sharp changes in mean pressure distribution at 30◦: a
continuous windward positive-pressure band develops, and the vertical asymmetry be-
comes pronounced, yielding a steep in-plane pressure gradient. On the supporting surface,
the more fragmented separated flow and interference with the support structure create a
scattered suction pattern that is highly sensitive to pitch angle. The combined effect is a
strongly asymmetric pressure field and an eccentric resultant force, which explains why
the 30–60◦ conditions are more prone to generating large EMC than the more symmetric
90◦ case.

In addition, the following analyses were conducted for pitch angles ranging from 30◦ to
90◦. In this study, the recirculation length Lr/L is defined as the downstream distance from
the trailing edge to the intersection of the centerline with the U = 0 isopleth, representing
the extent of the separated wake bubble, whereas the wake recovery length Lw/L is defined
based on the centerline velocity deficit (U − U0)/U0 as the distance required for the mean
streamwise velocity to recover toward the freestream level (e.g., until U/U0 exceeds a
prescribed threshold, e.g., 0.03), thereby quantifying the gradual downstream restoration
of momentum after separation and recirculation. Here, L denotes the characteristic length
of the heliostat, and U0 represents the inlet mean wind speed [28,29].

The recirculation length and wake recovery length were evaluated on the center plane
(E) for pitch angles from 30◦ to 90◦ and are plotted in Figure 14. As shown, both quantities
increase as the pitch angle rises from 30◦ to 90◦, whereas the wake recovery length exhibits
a relatively smaller variation. This indicates that increasing the pitch angle mainly enlarges
the separated recirculation bubble (near-wake), while the downstream recovery of the
mean velocity is less sensitive. In other words, the near-wake grows noticeably, but the
far-wake recovery distance changes only slightly.

At 0◦ (Figure 15), the mirror is nearly parallel to the incoming flow, so frontal blockage
is minimal and the dominant aerodynamic features are driven by mirror thickness and
the support system. Boundary layers develop on both sides of the mirror and separate
primarily at the edges, producing relatively small separation vortices, while the pylon
generates a comparatively regular wake that decays downstream. The resulting flow field
is simpler than at 30–90◦.
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Figure 15. Velocity field and streamlines at α = 00◦.(a) Section A. (b) Section B. (c) Section C. (d) Section
D. (e) Section E.

Accordingly, the reflective-surface pressure field at 0◦ is smooth and exhibits weak
gradients, with no pronounced positive-pressure or suction zones. The supporting-surface
pressure is still influenced by separation around the support, but the overall wake-induced
suction remains less structured and less intense than at higher pitch angles. This indi-
cates that, in the stow attitude, wind-load mitigation can be effectively pursued through
edge/thickness refinement and support-geometry optimization, since these elements con-
trol the dominant separation sources.

Across 30–90◦, the streamline sections clarify a consistent symmetry property: vertical
sections (A–D) frequently show vertical asymmetry in recirculation, whereas horizontal
sections (E–G) preserve an approximately lateral symmetry in the dominant vortex system.
This explains why the mean pressure fields on both reflective and supporting surfaces
remain largely laterally symmetric but vary strongly in the vertical direction. Therefore,
EMC is governed primarily by vertical pressure asymmetry and the eccentricity of the
resultant force about the elevation axis, not simply by the magnitude of the normal load.
By contrast, AMC remains relatively small because the laterally symmetric mean pressure
field yields limited lateral offset of the resultant force; geometric planform asymmetry does
not automatically translate into a laterally asymmetric mean pressure distribution. This
interpretation is consistent with observations reported by Emes et al. [30]. A more detailed
discussion of these mechanisms and their implications will be provided in Section 4.1.

Meanwhile, the key vortex metrics for all cases, including the vortex core location
and characteristic size (in C section), were extracted and are summarized in Table 5; the
definition of the global flow-field coordinate system is provided in Figure 5.
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Table 5. Summary of key vortex metrics for all cases.

Case (α–β) Core Location(X, Z) Characteristic Size

90–00 (0.71, 0.61) 0.26
60–00 (0.62, 0.82) 0.23
30–00 (−0.15, 0.38) 0.09
00–00 \ \

Table 5 indicates that as the angle of attack increases from 30◦ to 60◦ and 90◦, the
dominant vortex core moves markedly downstream, shifting from (−0.15, 0.38) at 30◦

to (0.62, 0.82) at 60◦ and (0.71, 0.61) at 90◦. The core is also located at a generally higher
position, suggesting stronger separation and an earlier, more stable formation of the near-
wake vortex. Consistently, the characteristic size increases from 0.09 at 30◦ to 0.23 at 60◦

and further to 0.26 at 90◦, implying an expanded vortical region and a more energetic wake.
For 0◦, no stable vortex core/size is extracted, indicating a nearly symmetric or weakly
separated wake, which agrees with the absence of a dominant shedding frequency in
the spectrum.

3.2. Comparative Analysis and Discussion

First, the power spectral density (PSD) of the normal force coefficient was computed
for each case to identify the dominant vortex-shedding frequency (Figure 16). The peak
frequency in the spectrum was taken as the shedding frequency fs. Based on the extracted
fs, the corresponding Strouhal number was then evaluated for each configuration, enabling
a direct comparison with the results reported by Wolmarans et al. [18].

The Strouhal number was calculated as

St =
fsL
U0.5

(12)

where fs is the vortex-shedding frequency determined from the spectral peak, L is the
reference length, typically taken as

√
A, and U0.5 is the incoming free-stream velocity.

 

Figure 16. Power spectral density (PSD) of the normal force coefficient at different pitch angles.

The computed shedding frequencies and the corresponding Strouhal numbers for all
cases are summarized in Table 6.
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Table 6. Shedding frequencies and Strouhal numbers.

Case (α–β) Shedding Frequencies Strouhal Numbers

00–00 / /
30–00 0.537109 0.043
60–00 1.123047 0.104
90–00 0.976562 0.078

As summarized in Table 4, no distinct dominant shedding frequency is observed
at 0◦, and the Strouhal number increases from 30◦ to an intermediate incidence before
decreasing toward 90◦. At 0◦, the wake remains nearly symmetric and separation is weak;
moreover, disturbances from the upper and lower shear layers can partially cancel, so the
spectrum does not exhibit a clear dominant shedding peak. As the angle of attack rises
to moderate values (30–60◦), separation intensifies, the shear layers roll up more rapidly,
and the vortex-formation length shortens, which increases the shedding frequency and
therefore the Strouhal number. When the incidence approaches 90◦, the wake broadens
and coherent vortex structures weaken; the characteristic vortex-formation scale increases,
reducing the shedding frequency and thus lowering the Strouhal number.

Compared with Wolmarans et al. [18], the two geometries show close agreement at
60◦: the quadrilateral heliostat sheds at 1.10 Hz, while the pentagonal heliostat sheds
at 1.12 Hz. In contrast, at 90◦ the quadrilateral case yields a Strouhal number of 0.152,
whereas the pentagonal case drops to 0.078. This indicates that at 60◦, both heliostats share
a similar dominant vortex-formation time scale, producing nearly identical shedding fre-
quencies. However, under normal incidence (90◦), geometric differences substantially alter
wake coherence and the characteristic vortex-formation scale, leading to the pronounced
divergence in Strouhal number.

Based on the analysis in Section 3.1, the variation in the flow field around the pentag-
onal heliostat with changing pitch angle is summarized. A comparative analysis is then
conducted with the flow-field research on a quadrilateral heliostat (Table 7) by Li et al. [15].

Table 7. Vortex Structure as a Function of Pitch Angle for a Pentagonal Heliostat, Vertical/Horizontal
sections (V/H).

Case Pentagonal Heliostat Quadrilateral Heliostat Cause of Differences

90–00

V: near-center: strong asymmetry,
outer sections, single dominant

vortex (corner/end effects).
H: near-ground paired vortices.

Symmetric vortex pair. Mirror asymmetry (Top and
bottom vertices of the pentagon).

60–00

V: small upper + large lower
(asymmetric)

H: lateral counter-rotating pair
still present.

Large upper + small lower
(continuous top edge).

Pentagonal Section-B corner
disturbs upper shear-layer
development, upper vortex

limited, lower vortex
strengthened.

3000 Support-driven features near the
pylon.

V/H: near-support local small
vortex pair; away from

support, vortex vary more.

Pentagonal edges/corners shift
separation points away from the

support region.

00–0 V/H: thickness/edges + support
dominate; similar wake.

Similar to the pentagonal
heliostat

Near-horizontal: support +
thickness dominate → The effect
of aerodynamic shape differences

is weakened.

Overall Corners act as stronger triggers. Symmetry easier to preserve.

Pentagonal two prominent
corners (highest/lowest) serve as

fixed separation anchors,
strongest contrast at 90◦ and 60◦.
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To better understand the vortex structure of the pentagonal heliostat and enable a direct
comparison with its quadrilateral counterpart, the vortex structures were visualized using
iso-surfaces of the Q-criterion, colored by the velocity magnitude (Figure 17). In addition,
to facilitate a clear and intuitive comparison, a schematic of the main vortex structures, as
shown in Figure 18, was drawn based on the flow-field studies of quadrilateral heliostats
by Li et al. [15] and Wolmarans et al. [18], together with the results shown in Figure 18.

Figure 17. Q-criterion iso-surfaces (Q = 100 s−2) colored by velocity.

Figure 18. Primary vortex structures in the flow fields around the pentagonal and quadrilateral [15,18].

At a pitch angle of 90◦, the conventional quadrilateral heliostat generates a symmetric
pair of vortices downstream, attributable to its geometric symmetry. Conversely, the
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intrinsic geometric asymmetry of the pentagonal heliostat disrupts this symmetry, leading
to notable differences in the position, scale, and intensity of the downstream vortices.

At 60◦, the quadrilateral mirror, characterized by a continuous top edge, produces a
classical vortex pattern featuring a larger upper vortex and a smaller lower vortex. The
presence of a distinctive corner at Section B in the pentagonal design interferes with the
development of the upper airflow, resulting in a unique vortex system where the upper
vortex is smaller and the lower vortex is larger.

Under the 30◦ pitch condition, the flow field in the immediate vicinity of the support
structure closely resembles that of the traditional quadrilateral design. However, at sections
further from the supports, the pentagonal geometry alters the flow separation points,
inducing significant variations in the orientation and size of the vortices compared to the
conventional configuration.

At the 0◦ stow position, the wake characteristics of both pentagonal and quadri-
lateral heliostats converge, exhibiting minimal differences. This convergence is primar-
ily due to the dominant influence of similar support structures and mirror thickness,
suggesting that the specific planform shape exerts a reduced effect on the flow under
near-horizontal conditions.

In summary, the distinctive asymmetric geometry of the pentagonal mirror—particularly
its two prominent corners located at the highest and lowest points—fundamentally modifies
vortex symmetry, the locations of flow separation, and the development of the upper airflow,
thereby significantly impacting the surrounding flow structure. These corners serve as fixed
points for flow separation, triggering earlier boundary layer detachment and resulting in
pronounced differences in the formation and scale of separation vortices relative to the
quadrilateral design, especially at elevation angles of 90◦ and 60◦. Further research into the
associated wind load characteristics is recommended to establish a theoretical foundation for
optimizing future non-traditional heliostats.

4. Wind Loads
Firstly, a comparative analysis was performed between the simulated case at a 60◦

pitch angle with 0◦ wind azimuth angle and published experimental data from the litera-
ture [19]. The literature study was based on field measurements. The comparison of the
overall mean wind pressure distribution shows similar patterns with minor quantitative
discrepancies. Key force and moment coefficients were further compared. The normal force
coefficient (NFC), elevation moment coefficient (EMC), and azimuth moment coefficient
(AMC) from the present study and the reference are 1.5 vs. 1.75, 0.02 vs. 0.07, and 0 vs. 0.02,
respectively. While the NFC and AMC align closely, a noticeable difference exists in the
EMC. This discrepancy is primarily attributed to the simplification of the support structure
in the current numerical model, which affects the predicted pressure distribution on the
supporting surfaces [31,32].

In calculating the NFC, EMC, and AMC, in addition to applying Equations (9)–(11),
the integrated forces and moments were computed through surface integration of pressure
and shear stress distributions. This integration approach is similar to that employed
by Emes et al. [30], and therefore the use of consistent calculation formulas facilitates
more meaningful comparative analysis in subsequent studies. This method was used to
calculate the mean normal force coefficient, mean elevation moment coefficient, and mean
azimuth pressure coefficient, which are compiled in Table 8. As shown in Table 5, the
mean normal force coefficient reaches its maximum value of 1.8017 at a pitch angle of 90◦

(mirror vertical), mainly because the windward projected area is maximized and the flow
is dominated by windward positive pressure. By contrast, at a pitch angle of 0◦ (mirror
horizontal, i.e., the survival/stow orientation), the coefficient becomes negative (−0.0372)
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due to an upper–lower surface pressure difference that induces upward aerodynamic lift.
Consequently, the load mechanism shifts from horizontal thrust dominance to vertical
lift dominance, and this lift reduces the effective self-weight and overturning resistance,
which is unfavorable for wind safety. Therefore, mitigating or counteracting the lift in the
stow configuration is beneficial. Meanwhile, the sign reversal or extrema of the Elevation
Moment Coefficient (EMC) in the intermediate pitch-angle range (30–60◦) are mainly
associated with a marked shift of the aerodynamic center of pressure along the mirror
surface as the pressure distribution reorganizes under enhanced separation and leeward
suction. In addition, the Mean Azimuth Moment Coefficient (AMC) remains close to
zero because of the loading symmetry of the mirror, which leads to near-cancellation of
lateral contributions.

Table 8. Mean Shape Coefficient and Standard Deviation of the Shape Coefficient.

Case
(α–β)

Mean
NFC

SD of
NFC

Mean
EMC

SD of
EMC

Mean
AMC

SD of
AMC

00–00 −0.0372 0.033 0.0138 0.009 9 × 10−4 0.003
30–00 1.2043 0.085 −0.0814 0.023 5 × 10−4 0.004
60–00 1.5019 0.107 0.02 0.014 4 × 10−4 0.004
90–00 1.8017 0.113 −0.021 0.013 0.0012 0.01

4.1. Variation in the Mean Pressure Coefficient with Pitch Angle

Following the methodological verification described above, to obtain a more compre-
hensive understanding of the heliostat’s aerodynamic behavior under typical operating
conditions, this study conducts a systematic analysis of the heliostat’s mean pressure
coefficient distribution across a range of pitch angles.

The mean pressure coefficient distributions on the reflective surface indicate that
(Figure 19), as the pitch angle increases, both the pressure gradients and the locations
of high-pressure regions evolve systematically. At a pitch angle of 0◦, the pressure field
is relatively smooth, with weak in-plane gradients and no pronounced regions of either
positive pressure or suction. When the pitch angle increases to 30◦, a continuous and distinct
windward positive-pressure band develops, and the vertical asymmetry of the distribution
becomes markedly stronger, resulting in a sharp increase in the in-plane pressure gradient.
At 60◦, the windward stagnation point shifts upward relative to the 30◦ case, and the
positive-pressure band expands and becomes more concentrated. This behavior indicates
intensified windward stagnation and a further increase in the vertical non-uniformity of the
overall pressure field. Notably, from 0◦ to 60◦, the pressure distribution remains essentially
symmetric in the lateral direction. At 90◦, the reflective surface is dominated by a broad
region of positive pressure and a more globally symmetric distribution. As the eccentricity
of the pressure field decreases, a higher load magnitude does not necessarily correspond to
the maximum moment coefficient.

Compared with the reflective surface (Figure 20), the supporting surface is more
strongly governed by wake separation and recirculation. Its mean pressure is therefore
predominantly negative (suction), exhibiting a more scattered spatial pattern and greater
sensitivity to pitch angle. In general, as the pitch angle increases, both the intensity and
the spatial extent of suction regions on the supporting surface tend to increase. However,
at a pitch angle of 90◦, the wake becomes more globally symmetric, and the pressure
distribution on the supporting surface correspondingly becomes more regular, thereby
reducing in-plane non-uniformity. The streamline plots further clarify the underlying
mechanism: for pitch angles from 30◦ to 90◦, sections A–D show that the vortices on
the supporting surface are vertically asymmetric, whereas sections E–F indicate that the
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vortex structures remain laterally symmetric. Consequently, for the 30–90◦ cases, the mean
pressure coefficient distributions on the supporting surface are asymmetric in the vertical
direction while remaining essentially symmetric in the lateral direction.

 
α = 00°                          α = 30° 

 
α = 60°                          α = 90° 

Figure 19. Mean pressure coefficient distribution on the reflective surface.

 
α = 00°                          α = 30° 

 
α = 60°                          α = 90° 

Figure 20. Mean pressure coefficient distribution on the supporting surface.
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It should be emphasized that the elevation moment coefficient (EMC) is not deter-
mined solely by the magnitude of wind pressure (or normal load); instead, it is governed
primarily by the asymmetry of the pressure distribution and the eccentricity of the resultant
force relative to the rotation axis. Consequently, the 30–60◦ conditions are more prone to
producing a strongly asymmetric combination of “high windward positive pressure and
strong leeward suction,” yielding a more eccentric resultant force and thus larger moments.
By comparison, although the 90◦ case exhibits a higher overall pressure level, the more
symmetric distribution can cause the EMC to decrease.

Furthermore, the relatively small azimuth moment coefficient (AMC) can be explained
as follows: although the pentagonal heliostat is inherently more laterally asymmetric
in geometry, the mean pressure distributions on both the reflective surface and the sup-
porting surface at each pitch angle remain closer to lateral symmetry, with variations
dominated mainly by vertical gradients. As a result, the lateral offset of the resultant force
is insufficient to generate a large AMC. In other words, geometric asymmetry does not
necessarily translate into a laterally asymmetric mean pressure field, and AMC is controlled
more directly by the latter. These findings are consistent with the results reported by
Emes et al. [30].

To further analyze this effect, low AMC is most likely when the inflow is aligned
with the reference direction (β = 0◦). This trend may be sensitive to inflow conditions. In
particular, yaw (azimuth angle), turbulence intensity, and wind-direction variability/non-
uniform inflow can alter separation and shear-layer development, shift vortex cores and
suction regions laterally, and thereby increase AMC.

4.2. Comparison of the Mean Shape Coefficient

As established in Section 3.2, notable disparities exist in the flow-field structures
between pentagonal and quadrilateral heliostats. This study utilizes wind tunnel ex-
perimental data from two distinct quadrilateral heliostats with differing projected areas,
sourced from references [27,33], to perform a systematic comparative analysis alongside
numerical simulation results for the pentagonal heliostat under analogous conditions [27],
as presented in Figure 16.

Figure 21 illustrates the variation in the mean shape coefficient with pitch angle for the
three heliostat working attitudes. The error bands are defined as ±3σ (three times the standard
deviation of the time-series coefficient data at each pitch angle), representing the characteristic
range of statistical fluctuation to satisfy engineering reliability considerations [34–36].

As the pitch angle increases from 0◦ to 90◦, the NFC for all models shows a consistent
upward trend. This behavior aligns with physical expectations, as the wind-projected area
of the heliostat increases with pitch angle, resulting in enhanced wind load effects. While the
pentagonal design exhibits a similar trend in NFC variation to the traditional quadrilateral
heliostat across most attitudes—indicating comparable aerodynamic behavior—its NFC
values are notably higher, particularly at pitch angles of 60◦ and 90◦.

The elevation moment coefficient (EMC) exhibits broadly similar pitch-angle depen-
dence across the models, while its magnitude and sign vary markedly. These variations are
primarily controlled by how the wind loads are apportioned between the upper and lower
regions of the heliostat, i.e., by the vertical eccentricity of the resultant aerodynamic force.

At pitch angles of 0◦ and 90◦, EMC approaches zero for different physical reasons. At
0◦, the projected windward area is minimal, leading to weak pressure levels and hence a
negligible moment. At 90◦, the flow-field results indicate that the pressure contributions
from the reflective and supporting surfaces nearly balance about the elevation axis. In
particular, the stagnation region on the reflector is located relatively low, while the upper
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part of the supporting surface experiences a stronger suction (more negative pressure), and
the combined effect yields an approximately zero net elevation moment.

Figure 21. Comparison of aerodynamic loads between pentagonal and quadrilateral heliostats (The
shaded area represents the error band). (a) Mean Normal Force Coefficient [33,37]. (b) Mean Elevation
Moment Coefficient [33,37]. (c) Mean Azimuth Moment Coefficient [33,37].

At 30◦ and 60◦, the pentagonal heliostat produces substantially lower EMC than
the quadrilateral configuration. At 60◦ (Figure 13), the pentagonal mirror develops a
wake/vortex arrangement that is opposite to that of the quadrilateral case. Although the
upper portion of the reflector is exposed to higher loads under the atmospheric boundary-
layer profile, the larger recirculation on the lower supporting surface enlarges the suction
region and counterbalances the upper loading, driving EMC toward zero. At 30◦, the
quadrilateral heliostat’s inherent geometric symmetry can promote a more strongly imbal-
anced upper–lower loading under a vertically sheared inflow, resulting in a considerably
larger EMC than that of the pentagonal heliostat.

The azimuth moment coefficient (AMC) remains small for all models. The pentagonal
heliostat shows slightly lower AMC at 30◦ and 60◦, which is consistent with its lateral
pressure symmetry. The primary reason is that, although the heliostat geometry is lat-
erally asymmetric, the inlet boundary condition prescribes a laterally uniform inflow.
Consequently, the mean pressure coefficient remains approximately symmetric in the lat-
eral direction. By contrast, the AMC of the quadrilateral heliostat remains small but is
slightly higher than that of the pentagonal heliostat, in agreement with the experimental
observations reported by Peterka et al. and Xiong et al. [33,37].

Overall, the pentagonal heliostat follows a similar normal force coefficient (NFC) trend
to the quadrilateral design but generally attains a higher magnitude, especially at large
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pitch angles. From a structural standpoint, its center–radial support concept—replacing the
conventional torque-tube/cantilever serial load path—facilitates more direct load transfer
to the pylon, shortens the transmission path, reduces edge deformation, and improves
global stiffness [33,37]. Aerodynamically, the pronounced reduction in EMC at the critical
operating attitudes (30◦ and 60◦) indicates an effective mitigation of wind-induced elevation
moment fluctuations. It also suggests potential for further aerodynamic refinement.

5. Conclusions
This research presents a systematic investigation into the flow field characteristics

and aerodynamic loading of a pentagonal heliostat subjected to complex wind conditions
employing Computational Fluid Dynamics (CFD) methodologies. The study examines four
representative pitch angles—0◦, 30◦, 60◦, and 90◦—and benchmarks the findings against
those obtained for a conventional quadrilateral heliostat.

Pitch angle governs the wake and pressure-field evolution. From 0◦ to 90◦, the flow
transitions from a weak-blockage regime dominated by mirror thickness and the support
system to a canonical bluff-body wake at 90◦, which produces broad windward stagnation
pressure on the reflective surface and wake-induced suction on the supporting surface.

The 30–60◦ conditions represent the most pronounced three-dimensional and
interference-driven regimes. At 60◦, two unequal vortices form behind the mirror (a
stable large near-ground recirculation and a smaller upper vortex) due to the reduced
projected area and enhanced ground confinement; the pentagonal corner near Section B
acts as a separation trigger that modifies upper shear-layer development. At 30◦, the flow
shifts from mirror-dominated behavior to a coupled mirror–support interference regime,
yielding multi-scale, strongly unsteady wake structures and highly pitch-sensitive suction
patterns on the supporting surface.

Mean pressure fields remain laterally quasi-symmetric despite the pentagonal plan-
form, and vertical non-uniformity controls EMC. Across 30–90◦, vertical sections (A–D)
show notable vertical asymmetry in recirculation, while horizontal sections (E–G) pre-
serve approximate lateral symmetry of the dominant vortex system. Consequently, the
mean pressure coefficient distributions on both surfaces are largely laterally symmetric
but strongly non-uniform in the vertical direction, so EMC is governed mainly by vertical
pressure asymmetry and the eccentricity of the resultant force about the elevation axis
rather than by load magnitude alone.

Aerodynamic coefficients show increasing NFC with pitch, reduced EMC for the
pentagonal design at critical operating angles, and small AMC overall. NFC increases from
0◦ to 90◦ for all models as the projected area and windward positive pressure grow, with the
pentagonal heliostat generally exhibiting larger NFC at higher pitch angles. By contrast, the
pentagonal heliostat yields substantially lower EMC than the quadrilateral configuration at
30◦ and 60◦ because the lower supporting-surface recirculation/suction counterbalances
the higher upper loading under the boundary-layer profile. AMC remains small for all
cases; moreover, under a laterally uniform inflow, the laterally quasi-symmetric mean
pressure field limits the lateral offset of the resultant force, thereby constraining AMC.
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