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ABSTRACT

This study aims to explore wind load interference effects on tandem photovoltaic (PV) panels, focusing on inclined angles (a) and gaps
(X=L). Conventional models often struggle to capture nonlinear airflow dynamics that drive these interference effects. To address this
limitation, the research introduces a novel approach to analyze the complex spatiotemporal evolution of interference phenomena in PV
panels. A quantitative analysis was conducted using the high-order Koopman Mode Decomposition (HOKMD) method. This method inte-
grates high-order nonlinear components, enabling precise identification of dynamic modes and coherent structures. This study evaluates the
synchronous vorticity and pressure fields, fluid forces, and power spectra of PV panels under varying a and X=L. The results demonstrate
that for a > 25� and X=L < 2:0, interference effects are highly pronounced, while for X=L > 2:0, significant shielding effects are observed on
the downstream panel. It revealed two dominant dynamic modes, providing new insights into airflow patterns and vortex interactions that
traditional linear models fail to capture. The application of HOKMD accurately captures the nonlinear characteristics of the flow around PV
panels. The findings advance the understanding of airflow interactions in PV panels and provide valuable insights for optimizing PV design
to improve structural stability and durability.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0249576

NOMENCLATURE

A Best-fitting linear mapping system.
ai Mode amplitude.
B Low-dimensional subspace.

Cd Drag force coefficient.
Cl Lift force coefficient.
Cp Pressure coefficient on PV panels.
Ei Mode energy.
f Vortex shedding frequency.

Fd Drag force of the panel per unit length.
FL Lift force of the panel per unit length.
G Ground clearance of PV panels.
L Length of the PV panel.
L0 Projected width of the panel perpendicular to the wind.
M Projection operator.
p Fluid pressure.

p0 Static pressure.
R Residual matrix.
Re Reynolds number.
St Strouhal number.
u Two dimensional flow velocity vector.

um The reconstructed mth target flow field.
uN Velocity field as a matrix at a given time step.
ux Horizontal component of the velocity field.
uy Vertical component of the velocity field.
X Gap spacing between two PV panels.
yi Matrix M’s eigenvector.
a Inclined angle of PV panels.
/i Corresponding ith KMD mode.
li Matrix M’s eigenvalue.
� Fluid’s kinematic viscosity.
q Air density
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I. INTRODUCTION

In recent years, photovoltaic (PV) panels have attracted wide-
spread attention worldwide due to their clean and renewable charac-
teristics.1–3 Large-scale PV power plants established in open areas,
such as coastal PV farms, are inevitably exposed to high wind loads,
leading to wind-induced damage to PV panels.4–6 The wind load inter-
ference effects among PV panels are critical factors influencing struc-
tural stability, durability, and energy output.7–9 Therefore, a thorough
understanding of the interference effects is essential for optimizing the
structural design and spatial layout of PV panels, enhancing their wind
resistance, and extending their service life.

Existing studies have extensively explored the wind load interfer-
ence effects on PV arrays under various parameters, including shape,
tilt angle, wind direction angle, ground clearance, and spacing.
Shademan et al.10 found the interference effects can impact vortex for-
mation and wind loads on PV panels via numerical simulations of PV
panels. Warsido et al.11 studied the wind load distribution of PV arrays
with a 25� inclined angle using wind tunnel tests. They found the PV
panels’ pressure coefficients reduced along the rows in the downstream
direction, with the greatest reduction in the second row. Kray and
Markus12 found that wind loads on PV panels located at the edge of
the group are significantly higher than those in the interior. Xu et al.8

pointed out that the gap spacing of PV panels significantly affects wind
loads, while the ground clearance has minimal impact. Sauca et al.13

also confirmed this conclusion using CFD simulations. Wind tunnel
tests of a stand-alone curved panel and arrays were performed by
Winkelmann et al.14 They obtained similar conclusions as for flat
panel PVs. Ma et al.15 studied the variation of wind load with inclined
angles on stand-alone and arrayed PV panels using wind tunnel
experiments.

The above studies reveal the complexity of wind load interference
effects under various PV parameters. However, existing research relies
mainly on simplified linear models to analyze the wind load distribu-
tion of photovoltaic arrays, which overlook the influence of nonlinear
components. Airflow regimes between adjacent PV panels are intricate
and highly nonlinear due to interference effects. It is crucial to under-
stand the nonlinear components for accurately predicting wind load
distribution and effectively addressing the impact of complex flow
dynamics on PV arrays. This requires advanced analytical techniques
to identify and quantify the unsteady flow behavior patterns of fluid
interactions.

Dynamic Modal Decomposition (DMD) is a widely adopted
technique for analyzing and identifying the dynamic behavior of fluid
flows.16 It enables the rapid extraction of spatiotemporal features asso-
ciated with coherent structures in complex flow fields, providing valu-
able insights into the underlying flow dynamics. By decomposing
temporal data into oscillatory components, the DMD method gener-
ates dynamic modes that reveal the dominant frequencies and growth
or decay rates of flow structures. This ensures temporal orthogonality
while preserving critical phase-related information, such as amplitude
and frequency content.17 Application areas of DMD include flow
around airfoils, jets, wakes, and shallow flows, demonstrating its ability
to capture dominant flow dynamics and coherent structures.18–23

However, DMD is susceptible to noise when capturing higher-
order dynamic features and handling nonlinear flows, making it chal-
lenging to ensure accuracy. To address this challenge, this paper intro-
duces the high-order Koopman Mode Decomposition (HOKMD)

method, which incorporates higher-order nonlinear terms and high-
frequency components into the traditional DMD framework. The
application of HOKMD to analyze the nonlinear interference effects of
wind loads on PV panels effectively reduces noise interference in mode
identification. HOKMD demonstrates superior stability in reconstruct-
ing flow structures with strong high-frequency and nonlinear distur-
bances compared to DMD, providing a more accurate representation
of the spatiotemporal evolution of airflow between adjacent photovol-
taic panels. To the best of our knowledge, no study reports a thorough
analysis of the spatiotemporal evolution of airflow at different inclined
angles and gaps using the HOKMDmethodology.

Moreover, to better understand the fundamental physical mecha-
nisms of flow around PV panels, studying flow at low Reynolds num-
bers (Re < 200) is more appropriate than at high Reynolds numbers
(Re > 200). Because turbulent distortion can be avoided under low
Reynolds number conditions, the flow characteristics and vortex shed-
ding mechanism can be revealed more clearly.24 Furthermore, due to
the inherently two-dimensional nature of vortex shedding, the coher-
ent structures observed in laminar and turbulent flows exhibit similar
features.19,25,26 This means that studying laminar flows can provide
valuable insights into the complex vortex-shedding phenomena, which
is crucial for understanding flow behavior.

Therefore, this paper conducts CFD investigations on wind loads
of two tandem PV panels at Re ¼ 150. The influence of gap spacing
(X=L) and inclined angle (a) on the mean, fluctuating wind loads,
power spectra, and airflow structure of two tandem PV panels is exam-
ined. Through HODMD analysis, nonlinear dynamic modes and fre-
quency information in the complex airflow between PV panels are
extracted. These modes reflect the main coherent structures and
mutual interference mechanisms in turbulence. Parameters analysis
provides a reference for controlling wind loads and vibrations caused
by the complex airflow around PV panels. It helps to deeply under-
stand the nonlinear interference effect of airflow between PV panels
and accurately predict the wind load distribution. The results can guide
diagnosing the health of PV panels to ensure a longer lifespan. The key
contributions of this paper are as follows.

1. This study establishes detailed physical models for tandem PV
panels using high-fidelity CFD simulations, revealing the intri-
cate relationship between gap spacing and inclined angles on
wind load distribution. The models provide a robust framework
for capturing the influence of aerodynamic interference on PV
arrays.

2. Through a comparative analysis of single and tandem PV panels,
this research provides new insights into how the airflow behavior
generated by the upstream panel impacts the downstream panel’s
wind load and flow field. The findings uncover critical aerody-
namic interactions and their implications for PV panel stability
and design.

3. A HOKMD-based method is proposed to accurately identify the
spatiotemporal dynamic characteristics of the intricate nonlinear
airflow in the gap of PV panels. The interaction law between
wind and PV panels is discovered, and the basic features of the
wind load interference mechanism are uncovered.

The remainder of this paper is organized as follows. Section II
introduces the numerical methodology. Section III shows the validity
of this numerical simulation. Section IV discusses the physical
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mechanisms of fluid forces and interference effects on PV panels
through numerical results. Section V concludes this paper.

II. NUMERICAL METHODOLOGY
A. Details of numerical simulations

The governing equations used in the simulations are the incom-
pressible Navier–Stokes equations. These equations are expressed as
follows:

� � u ¼ 0; (1)

@u
@t

¼ �ðu ��Þu��pþ 1
Re

�2u; (2)

where the u is the two-dimensional (2D) flow velocity vector, and p is
the fluid pressure. Equation (1) is the continuity equation ensuring
incompressibility, while Eq. (2) is the momentum conservation equa-
tion. The Reynolds number, denoted by Re, Re ¼ uL0=t, where L0 rep-
resents the projected width of the panel perpendicular to the wind, t
represents the fluid’s kinematic viscosity, and u is the uniform wind
speed at the inlet. At Re ¼ 150, the vortex shedding of PV panels
behaves as a 2D state and does not show the instability found in three-
dimensional (3D) flows27 (as verified in Sec. III). Direct numerical sim-
ulation (DNS) is employed to solve the 2D Navier–Stokes equations,
directly capturing all spatial and temporal turbulence scales without
relying on predefined turbulence models.28 The spatial scales corre-
spond to the computational grid and range from the smallest dissipa-
tive scale to the integration scale. To achieve high accuracy and
efficiency, the spectral/hp element method was adopted, which com-
bines the adaptability of finite element meshes with the precision and
fast convergence of spectral refinement.29 This study employed a
Galerkin-based high-order spectral element technique to solve the
DNS equations. Flow patterns and forces were analyzed using
the NEKTRAþþ/5.1.0 open-source high-order spectral element
solver.29–31

Figure 1(a) exhibits the computational domain of incident uni-
form free flow through the tandem PV panels. Here, X denotes the rel-
ative panel spacing and L denotes the length of the panel. According to
Yang et al.’s32 analysis, the solar panel employed in this investigation is
similar to a thin panel defined by a length-thickness ratio of 100 : 1.
The inclined angles are a ¼ 5� � 55� and the dimensionless gap dis-
tances are X=L ¼ 1:0� 4:0. The case of a single panel represents
X=L ¼ 1. Based on the Architectural Institute of Japan (AIJ) guide-
lines, the height of the computational domain between the tops of the
PV panels and the upper boundary was set at a length of 10L to ensure
that the influence of the upper boundary on the flow field is mini-
mized.33 This configuration is consistent with prior aerodynamic stud-
ies on PV panels.8,34,35 The length from the velocity inlet to the leading
edge of the upstream panel (UP) is set to 10L. The total length of the
computational domain is 31L. The height of the downstream panel
(DP) above the ground equals G=L ¼ 0:8. In Fig. 1(a), ux and uy are
the horizontal and vertical components of the velocity field, respec-
tively. Regarding the setting of the computational domain, the
Dirichlet boundary condition was applied at the computational
domain’s inlet and upper boundary with free-stream velocity “ux ¼ 1,

uy ¼ 0” and zero normal gradients of pressure @p
@~n ¼ 0. To study the

interference effects of tandem PV panels, both the ground wall and
tandem panels were assigned a homogeneous Dirichlet boundary

condition for velocity ðux ¼ 0; uy ¼ 0Þ and a Neumann boundary

condition for pressure (@p@~n ¼ 0). For the outlet boundary, the velocity
was governed by a Neumann boundary condition with zero normal

gradients (@ux@~n ¼ 0, @uy@~n ¼ 0)), while the pressure was set to a pressure-
free boundary condition(p ¼ 0). The computational domain is parti-
tioned into macroelements, with each element utilizing Pth-order
modal expansion polynomials as spectral basis functions. Second-
order time accuracy is achieved by employing a velocity modification
technique and a three-step time-spitted approach.36,37

Figure 1(b) displays the grid scheme and a detailed enlarged view.
The grid used for the numerical simulation is a quasi-structural grid
designed by “Gmsh” which is an open-source software for the two-
dimensional computational domain.38 In this study, the mesh struc-
ture was carefully designed to ensure numerical accuracy and stability
while minimizing computational cost. The grid spacing was deter-
mined based on a mesh convergence study, ensuring sufficient resolu-
tion to capture the flow field features, including vortex shedding and
boundary layer development. Specifically, the grid spacing was refined
near the tandem PV panels to resolve sharp gradients, while coarser
spacing was employed in regions farther from the panels where flow
variations are less significant. The grid scheme is identical to Foshat.34

FIG. 1. Numerically calculated flow domain configurations (a), global and local grid
(b).
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Here, four simulated groups were used to verify the preliminary mesh,
30 simulated results were performed to investigate the fluid force prop-
erties, and 6 representative sampling results were used to examine the
instantaneous flow regimes and to reveal the mechanism of interfer-
ence effects.

To describe the frequency characteristics of the flow and to quan-
tify the periodic behavior of vortex shedding, the Strouhal number was
introduced with the expression St ¼ fL0=u, where f is the vortex shed-
ding frequency, L0 ¼ LsinðaÞ. The force coefficient of lift (Cl), drag
(Cd), and pressure (Cp) on the panel are defined as

Cl ¼ FL
0:5qu2L

; (3)

Cd ¼ Fd
0:5qu2L

; (4)

Cp ¼ p� p0
0:5qu2

; (5)

where Fd and FL represent the drag and lift of the panel per unit length
(into the page). p0 represents the static pressure. The Cp of the PV
panel perpendicular and oriented to the panel surface is positive, as
shown in Fig. 1(a). The grid details of the computational domain are
shown in Fig. 1(b).

B. HOKMD technique

The data-driven dynamic model decomposition (DMD) tech-
nique, rooted in Koopman theory, offers a valuable approach for effec-
tively modeling and linearly approximating complex, high-
dimensional dynamics. Enhanced variants of the standard DMD, like
HOKMD, excel in capturing essential features of intricate nonlinear
turbulent flows. By augmenting the dimensionality of observable varia-
bles, HOKMD effectively handles dynamic behavior with misaligned
time-space dimensions and noise interference, enabling accurate char-
acterization of such behavior. Here, only general procedures are out-
lined; for a more comprehensive understanding of this method,
readers are encouraged to refer to the study conducted by Wynn
et al.39

Here, uN represents the velocity field as a matrix at a given time
step, with spatial grid points corresponding to the matrix dimensions
and the matrix elements denoting the instantaneous velocity magni-
tudes. According to Koopman’s assumption, the expression for trans-
forming the snapshot image matrix uN�1 of the previous moment to
the matrix uN of the subsequent moment by incorporating the residual
matrix R and the best-fitting linear mapping A is

AuN�1 ¼ uN þ R; (6)

uN�1 ¼ u1; u2; u3;…; uN�1½ �; (7)

uN ¼ u2; u3; u4;…; uN½ �: (8)

To discern the subspace with lower dimensions, the optimal
problem is solved, i.e., the best mapping approximation is found by
reducing the residual R. The optimization task can be framed as
follows:

minjjuN � AuN�1jj2 ¼ min
XN
i¼1

jjuiþ1 � Auijj22; (9)

such that BTB ¼ I;M 2 Rr�r ;B 2 Rq�r ; (10)

where r denotes the operator matrix’s rank A ¼ BMBT , which is often
less than q, and jj _jj2 represents the Frobenius matrix norm. In this sce-
nario, incorporating low-order dynamics A ¼ BMBT facilitates the
estimation of the initial behavior. The following can be used to gener-
ate the rank-constraint expression in Eq. (9)

minjjuN � BMBTuN�1jj2; (11)

M 2 Rr�r ;B 2 Rq�r jBTB ¼ I; k < q
� �

: (12)

Here, B stands for the subspace of lower dimensions, while M serves
as a projection operator, providing a linear estimate of the evolution,
and each series of B represents an orthogonal basis accounting for
the eigenmodes’ form. B and M are the two unknown matrices in
Eq. (11). Resolving the minimization problem involving two variables
is challenging. Additionally, this problem is nonconvex. The constraint
BTB requires that the columns of B are orthonormal. Thus, B is opti-
mal in Eq. (11) because it is the best r-dimensional subspace for eluci-
dating the fluid dynamics of the snapshot data through a linear
model.39 Therefore, a decomposition of this rank constraint is known
as Karman mode decomposition (KMD). As per Wynn et al.,39 mani-
fold flow optimization methods offer a solution to tackle the minimiza-
tion problem. It is possible to rewrite the optimization problem as
follows:

max gðBÞ ¼ jjBTuNQðBÞjj2; (13)

B 2 Rq�r jBTB ¼ I; k < q
� �

; (14)

QðBÞ ¼ uTN�1ðBTuN�1BÞ�1BTuN�1: (15)

The ideal low-dimensional subspace sub-basis Bi and the associated
space M are both achievable in the sense of least squares. The eigen-
value of KMD’s logarithmic expression is

li ¼
logri
Dt

; (16)

where li is the matrix M’s eigenvalue. By providing a growth rate, the
real component of li can predict the stability over time, whereas the
virtual component represents the ith mode’s frequency. The dynamic
model ui that is linked to the calculated value of li is denoted by the
following notation:

ui ¼ Byi; (17)

where yi is the matrixM’s eigenvector. The amplitude of the associated
mode is represented by the projection parameter ai

ai ¼ ðu�1Þijðu1Þj: (18)

The energy Ei can be represented for each mode as the mode
multiplied by its corresponding projection parameter

Ei ¼ jaiuij: (19)

The following method allows for the reconstruction of the mth
original flow field (target flow field)

um ¼
Xn
i¼1

aiuik
m�1: (20)
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Here, um is a scalar of the flow field, which can represent the hori-
zontal velocity component and the vertical velocity component.
Nevertheless, the conventional KMD is insufficient for highly nonlin-
ear cases, particularly when spectral and spatial complexity are regu-
larly out of phase. Therefore, HOKMD is developed to complement
the case of highly nonlinear flows. The foundation of HOKMD lies in
Takens’ delayed embedding theorem, thus enabling the augmentation
of observed variable dimensionality.

Hence, using d index-lagged snapshots and the aid of HOKMD,
the original observation matrix uK1 is augmented to matrix �uK�dþ1

1
with a desired dimension as outlined in Eq. (22).

�uK�dþ1
1 is a submatrix made up of the adjusted snapshot matrix’s

initial K � d and final K � d columns. Then, the input data �uK�dþ1
1 is

employed while the subsequent procedures are aligned with the stan-
dard KMD approach, termed HOKMD in the present study. Here,
�uK�dþ1
2 represents uN and �uK�dþ1

1 represents uN�1 in Eq. (9).

uK1 ¼ u1; u2;…; uk; ukþ1;…; uk�1; uk½ �; (21)

�uK�dþ1
1 ¼ uK�dþ1

1 ; uK�dþ2
2 ;…; uK�1

d�1 ; u
K
d

h iT
; (22)

�uK�dþ1
2 ¼ uK�dþ1

2 ; uK�dþ2
3 ;…; uK�1

d ; uKdþ1

h iT
: (23)

III. VERIFICATION AND VALIDATION

To determine the appropriate grid spacing and time step for the
simulations, a thorough grid independence and time step indepen-
dence evaluation was performed. This ensures that the simulation
results are not influenced by the resolution of the computational
domain or the size of the time step. Table I lists the results of the grid-
independent and time step verification for two PV panels arranged in
tandem (a ¼ 25�, G=L ¼ 1:0, X=L ¼ 6:0) at Re ¼ 150. The Cl, Cl0,
and St of PV panels are compared using grids of low, moderate, and
high resolution and at long, medium, and short time steps. The results
demonstrate that as the polynomial order and time step resolution are
refined, the aerodynamic parameters converge to stable values.
Specifically, when Pth¼ 4, the Cl and Cl0 values of UP and DP change
little compared to Pth¼ 3, and both results converge. This confirms
that the results are independent of the choice of grid and time step. In
this study, a third-order resolution (Pth¼ 3) grid and a time step of
0.0020 were selected to simulate the flow field of two tandem PV pan-
els with different gaps and inclined angles to balance computational
accuracy and efficiency.

Moreover, to verify the accuracy of the numerical simulations,
the Cl and St of a single inclined panel (X=L ¼ 1) and two tandem
PV panels are compared with previous studies, respectively. Table II
shows the results of numerical results for PV panels. The minimal dif-
ference between the simulation results and those in the literature

indicates the reliability and accuracy of the current simulation
methodology.35,40

In general, at the low Re, the flow’s vortex shedding typically
exhibits a two-dimensional condition and does not experience instabil-
ity in three-dimensional flow. To further confirm this premise’s valid-
ity, a case of 3D tandem inclined panels at Re ¼ 150 (a ¼ 25�,
X=L ¼ 6:0) is simulated here by the DNS method. In the 3D case, the
panel’s spanwise length is given as 2p, which is similar to the normal
panel dimensions of Najjar and Balachandar41 and Yang et al.32 for
Re ¼ 250 and Re ¼ 1000, respectively. In the simulation, the Fourier
expansion form is employed to model the flow motion in the z-
direction. Here, the aggregate spanwise length of the Fourier planes
amounts to 48, equivalent to utilizing 48 grid cells along the spanwise
direction in the finite element approach. The grid setup parameters in
this study are the same as those of Najjar and Vanka.42 The simulation
results of the PV panels in 2D and 3D are presented in Table III. By
comparing the lift coefficients of the panels, it was found that there is a
negligible disparity between the results of the 2D and 3D simulations.
It indicates there is no occurrence of 3D instability in vortex shedding
at Re ¼ 150. Two-dimensional numerical simulation can well reveal
the vortex shedding pattern of the PV panel’s flow field. Therefore, in
this study, 2D numerical simulation is employed to investigate the
aerodynamic characteristics of two tandem PV panels to improve the
computational efficiency and save computational cost.

IV. RESULT AND DISCUSSION
A. Wind load property

Figure 2 displays the variation of the mean and root mean square
(RMS, denotes fluctuating) drag forces of UP and DP with the dimen-
sionless panel spacing (X=L) and the panel inclined angle (a). The
drag forces of two tandemly arranged panels are contrasted with those
of the single inclined panel (considered to be spaced at infinity).
Generally, the tendency of the mean and RMS drag coefficients of UP
and DP to vary with the panel inclination is different. For the UP, the
mean drag force applied to UP closely resembles that of a single panel
for all intervals at a < 25�. As the a increases, the mean drag force on
UP for all gap spacing cases is gradually smaller than that of the single
panel, suggesting a gradual enhancement of the interference effect of
the DP on the UP. Moreover, at small spacings (X=L � 2), as depicted
in Fig. 2(a), the RMS drag forces of UP are significantly less than that
at large spacings (X=L > 2) with a > 25�. This suggests the presence
of DP reduces the UP’s RMS drag force at small spacings.

For the DP, there is a considerable reduction in the mean drag
force of DP compared to the single panels, which is due to the shield-
ing effect of UP. The shielding effect of UP on DP varies with X=L and
a. For the small spacings (X=L � 2), the mean drag of DP is less than
that of large spacings. It indicates that the shielding effect of UP on DP
is stronger at small spacings than at large ones. Furthermore, it can be
observed from Fig. 2(d) that the RMS drag of DP grows progressively
with the increase in a. Especially at X=L > 2, the large a significantly
increases the RMS drag of the DP compared to that of the single panel,
which means the flow field of DP becomes more complex.

Figure 3 shows the variation of the mean and fluctuating (RMS)
lift forces of UP and DP with the dimensionless panel spacing (X=L)
and the panel inclined angle (a). It can be seen from Figs. 3(a) and 3(c)
that the mean lift of both tandem panels is less than that of the single
panels. This indicates that the interference effect existing between two

TABLE I. Grid and time step independence evaluation for two tandem PV panels
(a ¼ 25�, G=L ¼ 1:0, X=L ¼ 6:0, Re ¼ 150).

Pth-order Time-step Cl(UP) Cl
0(DP) St

2 0.0025 0.976 0.544 0.131
3 0.0020 0.985 0.542 0.131
4 0.0015 0.986 0.541 0.131

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 37, 023623 (2025); doi: 10.1063/5.0249576 37, 023623-5

Published under an exclusive license by AIP Publishing

 05 M
arch 2026 07:30:48

pubs.aip.org/aip/phf


tandemly arranged panels suppresses the mean lift force. For the UP,
as a increases, the lift of the UP gradually increases. Moreover, in
Fig. 3(c), the RMS of UP’s lift is close to 0 when a < 35� for the small
spacings (X=L � 2), which indicates that the flow between two
inclined panels is in a steady state. Interestingly, the flow between two
panels becomes unstable when a � 35�. Moreover, the RMS lift values
of the UP at X=L > 2 are similar to those of the single panels, and the
shedding of the vortex gradually strengthens as a increases.

Compared with Figs. 3(b) and 3(d), the mean lift of DP is smaller
than that of UP at all X=L, as a result of the shielding effect provided
by UP. The RMS lift force of the DP exhibits two features under the
interference effect. It is clear from Fig. 3(d) that the RMS value of DP
at large spacing (X=L > 2) is almost always larger than that of the sin-
gle panel when a > 15�, however, the opposite is achieved for small
spacing (X=L � 2). Thus, two features can be described as the shield-
ing effect of UP on the fluctuation lift of DP at small spacing and the
amplification effect at large spacing. Furthermore, the maximum RMS
lift of DP appears at a ¼ 35�. This suggests that the flow field state in
this instance is incredibly unstable and the vortex shedding intensity of
DP is strongest.

B. Power spectrum density of the fluctuating lift force

Figure 4 shows the power spectrum density (PSD) of the fluctuat-
ing lift for the single PV panels and two tandemly arranged panels
with X=L ¼ 2 and 3 for three representative cases of a ¼ 25�, 35�,
55�. The effect of the inclined angle of the panel and the interference
effect on the frequency domain characteristics of the flow field is stud-
ied by comparing the results of both UP and DP and a single panel. In
Fig. 4, the power spectrum exhibits a multipeak pattern in all cases.
The peak of the fluctuating lift force’s PSD changes significantly with
the change of a. Therefore, the inclined angle is a crucial factor affect-
ing the PV panel’s vortex-shedding frequency. Moreover, the fre-
quency of the spectrum peak increases multiply, which implies that the
instability of the flow around the inclined panel is influenced by the
vortex motion, the flow regime, and the nonlinear factors in the flow
field. For a single panel, as shown in Fig. 4(a), the dominant frequency
and the corresponding peak increase gradually as a increases (from

0.126 to 0.176). This indicates that the vortices adjacent to the PV
panel in the flow field develop from low-energy large-scale vortices to
high-energy small-scale vortices as the inclined angle increases.

When two inclined panels are arranged in tandem, it is observed
that the spectral peaks of UP and DP have the same frequency, indicat-
ing that the two panels’ vortices are shed at the same frequency.
However, the higher spectral peak of the DP compared to that of the
UP indicates a stronger vortex-shedding intensity of the DP, which
results in a larger lift force on the DP. In Fig. 4(b), no fluctuation in the
lift forces of UP and DP with time is observed at a ¼ 25�, X=L ¼ 2:0,
thus, the flow field is in a steady state and the power spectrum is not
demonstrated here. For two panels with the gap spacing of X=L ¼ 3:0,
it is found by comparison that the predominant peak frequency gradu-
ally increases with increasing a, which is similar to the phenomenon of
a single panel. By comparing the power spectrum at a given inclined
angle, it is found the interference effect of two tandem panels exhibits
the following two phenomena: (i) For X=L ¼ 2:0 and 3.0, the domi-
nant peak frequency of two tandem panels is significantly decreased
when DP is arranged behind the single panel. (ii) As the inclined angle
increases, the interference effect becomes progressively stronger, which
is manifested as the difference between the peak frequencies of UP and
DP becomes larger (from DSt ¼ 0:03 to DSt ¼ 0:08) as shown in Figs.
4(c) and 4(d).

C. Instantaneous flow structure

The fully developed state of the flow is characterized by the time
history of the pressure coefficient reaching a periodic and stable oscil-
lation pattern. Figure 5 shows the pressure coefficient of DP for
X=L ¼ 3:0 and a ¼ 25�. The pressure coefficient shows periodic con-
vergence, with the variation between consecutive cycles less than 0.1%.
All subsequent analysis of the flow field was performed only after con-
firming the steady-state behavior of all configurations to ensure the
reliability and consistency of the results.

The flow vortex structure around the panel is obtained based on
the flow velocity extracted from the snapshot. To investigate the influ-
ence of the inclined angle on the flow field of the PV panels, Fig. 6
shows the instantaneous vorticity field in three representative scenarios
with X=L ¼ 3:0 and a ¼ 25�, 35�, and 55� for the single and two tan-
dem panels. In Fig. 6, the area of vortex formation is considered as the
vortex strength, and the pink and green vortices dominate the flow
past the panel, respectively. Moreover, the vortex structure of the wake
in Fig. 6(a) is to the findings of Yang et al. (2012).

In general, the inclined angle influences the flow structure of the
panel, albeit all of them exhibit the vortex shedding phenomenon. For
the single panel, two counter-rotating vortices are observed at the lead-
ing and trailing edges, which implies the panel is exposed to the

TABLE II. Validation of numerical results for PV panels.

Re a X=L G=L Cl (UP) Cl (DP) St

Current study 300 20� 1 1.0 0.927 … 0.161
Li et al.40 300 20� 1 1.0 0.926 (0.1%) … 0.160 (0.63%)
Ai et al.35 300 20� 1 1.0 0.927 … 0.161
Current study 150 25� 6.0 1.0 0.955 0.543 0.131
Ai et al.35 150 25� 6.0 1.0 0.956 (0.1%) 0.542 (0.18%) 0.131

TABLE III. Fluid forces of two tandemly arranged panels obtained from both 2D and
3D simulations.

Case Cl(DP) Cl(UP) Cl
0(DP) Cl

0(UP)

2D simulation 0.8013 1.0774 0.6370 0.0528
3D simulation 0.8011 1.0774 0.6371 0.0529
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fluctuating load. As the a increases, the intensity of the vortex shedding
becomes stronger behind the panel, and its wake gets longer, indicating
that the panel’s load gradually increases. Also, it is seen that as the
inclined angle increases, the vortices shedding from the leading and
trailing edges of the panel gradually expand their paths.

Compared to a single inclined panel, an interference effect is
observed between two tandem inclined panels in Fig. 6. In Fig. 6(b),
the free flow passes over the UP before the DP, which reduces the fluid
force on the DP and provides a shielding effect. In addition, since the
DP is submerged in the wake of the UP, the vortices formed and shed
from the leading and trailing edges of the UP continuously slap the
DP, which increases the fluctuating force and augments the flow insta-
bility of the DP. As the a increases to 35�, the vortex shedding of the
UP strengthens, thus, the fluid force instability of the DP increases.
Interestingly, when the a increases to 55�, the vortex shedding from

the leading edge of the UP bypasses the DP due to the wide wake of
the UP, which significantly reduces the force fluctuation of the DP. It
explains the drop portion of Fig. 3(d) in the large inclination range.
Additionally, because of the obstruction effect of DP, the counterclock-
wise vortex shedding from the trailing edge of the UP is constrained,
which reduces the lift force of UP.

D. Coherent structure and mode analysis

Investigating the flow evolution around the PV panel and the for-
mation of coherent structures from the perspective of the flow field
contributes to unraveling the underlying mechanisms of interference
effects. From the above discussion, it is evident that aerodynamic char-
acteristics of PV panels are highly sensitive to changes in inclined
angles. Therefore, this section employs HOKMD to analyze data for

FIG. 2. Variation of mean drag force and root mean square (RMS) drag force for UP and DP as a function of panel spacing X=L and inclined angle a.
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three typical inclined angles, aiming to explore the spatiotemporal
characteristics of vortex structures hidden in the flow field. (1) Ritz
value l, as a complex number expressed in Eq. (16), represents the
eigenvalue spectrum through its real and imaginary portions (i.e., loca-
tion of the mode points). The flow pattern either diverges or decays
with time, depending on whether the mode points are on or off the
unit circle. The mode points on the unit circle imply the occurrence of
limit cycle oscillation in the associated fluid mode. If the data are
acquired from a fully developed flow field, the l for the main vortex
coherent mode is supposed to fall on the unit circle. (2) ui, denotes
coherent mode structure morphology, expressed by Eq. (17). (3) Ei, as
written in Eq. (19), denotes the mode turbulence energy and enables to
quantify the mode’s contribution to the flow field.

Before carrying out HOKMD, verification tests are required for
the main impact parameters, such as embedding number, sampling
frequency, and duration. The precise implementation procedure is

displayed in our earlier investigations,43 thus, is not presented here. In
the fully developed flow field, the snapshot acquisition time is 40 vor-
tex shedding periods and the time interval is taken as 1=20 of the
period, following the sampling theorem. Additionally, the modal
points almost always fall on the unit circle when the embedding value
d > 4, demonstrating that the flow field is essentially steady.

Figure 7 shows the distribution of the Ritz values for the decom-
position of the mode on the unit circle using the HOKMD technique
for a ¼ 25�, 35�, and 55� at X=L ¼ 3:0, respectively. In the figure, the
color bar on the right side indicates the mode energy. The dominant
modes for the three a are almost spread over the unit circle as antici-
pated. Moreover, the points of other modes are almost on the unit cir-
cle. It demonstrates the reliability of the modal extraction results.
Furthermore, to determine the relationship between the flow regime
and the fluid forces on the PV panels, a profound analysis of the veloc-
ity and pressure fields of the panel’s modes is performed with the

FIG. 3. Variation of mean lift force and root mean square (RMS) lift force for UP and DP as a function of panel spacing X=L and inclined angle a.
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HOKMD method. To further explore the interference effects of PV
panels, mode maps of the single panel are also provided here for
comparison.

1. a525�

Figure 8 shows the mode energy spectrum of the single panel and
two tandem inclined panels at a ¼ 25�. In Fig. 8, it is evident that the
mode energy is highest at fD=U ¼ 0, which indicates the contribution
of the mean flow mode. In addition, the primary harmonic mode
(M1) and superharmonic mode (M2) are obtained with substantially
lower energy than that of the mean flow mode, which implies the con-
tribution of the dynamic mode. Since the energy of M1 and M2 are
higher than the other modes, the flow regimes of M1 and M2 could
represent the main dynamic modes in the flow field. In Fig. 8(a), the
peak of the primary harmonic mode appears at fD=U ¼ 0:129, which
corresponds precisely to half of the superharmonic mode
(fD=U ¼ 0:258).

When two inclined panels are arranged in tandem, the energy
and the dimensionless frequency of the first- and second-order modes
are significantly decreased. This suggests that the interference effect
between the panels lessens the nonlinearity of the dynamics. Also, an
increase in the mean flow mode energy is seen in Fig. 8(b), which indi-
cates that the interference effect stabilizes the flow field to some extent
and reduces the wind load fluctuations on the panels.

Figure 9 shows the first two orders of vorticity modes (M1 and
M2) with velocity streamlines for the single and two tandem inclined
panels. Figure 10 shows the first two orders of pressure mode contour
diagrams for the single and two tandem inclined panels. Moreover, to
quantitatively study the pressure variation on the surface of the PV
panel, the modal pressure coefficients on the up and down panel’s sur-
faces are presented in Fig. 11. Here, S=L stands for the dimensionless
distance from the leading edge.

For the single panel, the vortex alternating shedding at the trailing
edge with a 2S wake pattern is seen in Fig. 9(a), which contributes to
the fluid force. From the second-order vorticity mode in Fig. 9(c),

FIG. 4. Variation of fluctuating lift PSD for single and tandem panels at different inclined angles.
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relatively small vortex structures are uncovered in the flow field. For
the two tandem panels, it is clear from Fig. 9(b) that two high-energy
vortices with opposite rotation directions are in the gap. As the flow
develops downstream, the DP divides the gap vortex, and

subsequently, the gap vortices merge with the wake vortex of the DP.
This causes the upper and lower surfaces of the DP to be subjected to
strong reverse pressure, as shown in Fig. 10(b), which imposes a lift
force on the DP as a whole. In addition, few vortex structures are
observed around the UP, so the pressure on the UP is very small com-
pared to that of the DP. As shown in Fig. 9(d), for the second-order
mode, the small vortex structure in the gap first collides with the lead-
ing edge of the DP as it moves downstream, which results in a higher
pressure in the wake flow at the leading edge than at the trailing edge.
This explains why the pressure coefficient in Fig. 11(d) for S=L < 0:5
is larger than that for S=L > 0:5.

2. a535�

The mode energy spectra of the single and tandemly arranged
panels with 35� inclined angle are shown in Fig. 12. Compared with
a ¼ 25�, the frequency and energy of the first two order modes of the
single and two tandem panels at a ¼ 35� are significantly increased. It
implies stronger vortex shedding and a more complex flow field.
Figures 13 and 14 show the flow field from the perspective of the vor-
tex and pressure modes, respectively. The corresponding pressure
mode coefficients on the surface of UP and DP are shown in Fig. 15.

FIG. 5. Pressure coefficient time-history spectrum for DP at X=L ¼ 3 and a ¼ 25�.

FIG. 6. Instantaneous vorticity maps of the single panel (a) and two tandem panels (X=L ¼ 3:0) (b) at a ¼ 25�; 35�; 55�.
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In Fig. 13(a), no vortex is found on the windward of the single
panel while the leeward exhibits a 2S vortex pattern. The fluctuating
force applied on the panel is caused by the separation bubbles on the
up-surface of the panel. For the second-order mode, two distinct clus-
ters of small-scale vortices are observed in the wake of the single panel
in Fig. 13(b), which then merge into large-scale vortices in the far wake
region. When two PV panels are arranged in tandem, many small
irregular vortices are observed in the gap and far wake in Fig. 13(d). It
indicates the increase in fluctuation energy at high frequency in the
flow field. The impact of gap vortices on the UP is relatively minor,
leading to a smoother pressure distribution along the leading-to-trail-
ing edge of the UP compared to a single panel. The fluid force on the
UP at larger gaps (X=L > 2) aligns closely with that observed for a sin-
gle panel, which explains Figs. 2(c) and 3(c). Compared to the vorticity

FIG. 7. Distribution of Ritz values on the unit circle for two tandem inclined panels (X=L ¼ 3:0) at a ¼ 25�; 35�; 55�.

FIG. 8. Comparison of mode energy spectra of single (a) and tandem inclined pan-
els (b) at a ¼ 25�.

FIG. 9. Vorticity modes of the first two orders for the single panel (a), (c) and two tandem inclined panels (b), (d) at a ¼ 25�.
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in M2 at a ¼ 25� and 35�, compared to the vorticity of a ¼ 25� and
35�, it is found that the small-scale gap flows and pressure become
stronger in M2, and the change of the large-scale vortex in M1 is not
obvious. The small-scale gap flow increases the pressure fluctuations
on the up-surface of UP and the down-surface of DP as shown in
Fig. 15(d).

3. a555�

Figure 16 displays the mode energy spectra of the single and tan-
dem PV panels with a ¼ 55�. Compared with the single panel case,
the dominant frequency of the first-order mode of two tandem panels
is smaller and accompanied by higher energy. It reveals an increase in
low-frequency large-scale vortices with high energy in the flow field.
Moreover, it is obvious that many superharmonic modes appear in the
low frequency, yet the peak is not significant. Therefore, the main
focus is on the morphology of the first-order dominant modes.

Figures 17 and 18 show the vorticity and pressure fields of the
first-order modes, respectively. The quantitative pressure modal coeffi-
cients of the panel surface are depicted in Fig. 19. For a single panel, as
a increases, the path of vortex shedding shows an upward tilt, which is
also known as jet flow. Therefore, the vortex shedding behind the
panel moves closer to the windward leading edge of the up-surface. In
addition, for M2 of the single panel, the increase in a makes the pres-
sure on the windward leading edge and trailing edge of the panel grad-
ually increase. This is due to the increase in a accelerates the airflow at
the leading edge and creates a stronger separation effect at the trailing
edge.

For the tandem panels, the jet tendency is considerably evident.
Due to the jet flow, the large-scale vortex shedding from the UP
bypasses the DP, while suppressing the vortex shedding from the DP,
as shown in Fig. 17(b). Therefore, the up-surface pressure of DP is

almost zero and the DP’s fluctuating lift is the contribution of the gap
vortex in Fig. 19(b). This indicates that the DP panel is more suscepti-
ble to the vortex shedding path from the UP panel, and thus, the DP is
more sensitive to changes in inclined angle.

V. CONCLUSION

In this paper, the effect of inclined angle and gap spacing on flow
past two PV panels arranged in tandem is investigated by numerical
simulation. The gap spacing between the two panels ranges from
X=L ¼ 1:0 to 4.0 with an interval of 1.0, and the inclined angle (a)
ranges from 5� to 55� with an interval of 5�, and the ground clearance
is 0.8L. Accordingly, the variation patterns of fluid forces, power spec-
tra, and vorticity fields of single and two tandem PV panels were ana-
lyzed. To explore the intrinsic mechanism of the effect of the inclined
angle on the interference effect, three representative cases, i.e., velocity
and pressure fields with X=L ¼ 3:0, a ¼ 25�; 35�, and 55� were ana-
lyzed simultaneously by HOKMD. The temporal-spatial attributes of
the coherent vortex structure were captured and the correlation
between the fluid forces and flow pattern was further elaborated.

1. In general, there is a significant interference effect between two
tandem inclined panels, and such interference effect strongly
depends on the inclined angle and spacing of the panels. At
a > 25� and X=L � 2:0, the interference effect of two tandem
PV panels is more pronounced, as evidenced by the reduction in
the coefficient of fluid forces on mean and fluctuations. At large
panels’ spacing (X=L > 2:0), the shielding effect of UP has a sig-
nificant effect on the fluid force of DP, specifically in the form of
suppression of the mean drag force and amplification of the fluc-
tuating lift force. The amplification effect on the fluctuating force
of DP is strongest at the gap spacing of X=L ¼ 3:0 and an incli-
nation of a ¼ 35�.

FIG. 10. Pressure modes of the first two orders for the single panel (a), (c) and two tandem inclined panels (b), (d) at a ¼ 25�.
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2. For a single inclined panel, the predominant frequency and the
peak increase correspondingly with increasing inclination, result-
ing from the development of high-energy small-scale vortices
adjacent to the PV panel confirmed by the super-harmonic

DMD mode. Moreover, as the inclined angle increases, the inten-
sity of vortex shedding behind the panel increases and the wake
of the panel is elongated, which induces higher fluid forces on
the panel. For two PV panels arranged in tandem, the vortex
shedding frequency is the same for UP and DP, but the vortex
shedding strength is stronger for DP. The reason for this is that
the DP is submerged in the wake of the UP, and the vortex
formed by the leading and trailing edges of the UP continuously
slaps the DP, which increases the fluctuating force of the DP and
enhances the flow instability. As a result, the PV panels on the
rear side are more vulnerable to wind-related vibrations brought
on by vortex shedding.

3. The temporal and spatial evolution properties of the dominant
mode coherent structure with different inclined angles are
explored by the HOKMD technique, and the interference effect’s
fundamental mechanisms of inclined angles around PV panels
are revealed. Overall, two dominant dynamic modes are captured
by HOKMD, i.e., primary harmonic mode (M1) and super-
harmonic mode (M2), and the energy of M1 is higher than that

FIG. 11. UP and DP surface pressure distributions for single (a), (c) and two tandem panels (b), (d) at a ¼ 25�.

FIG. 12. Comparison of mode energy spectra of single (a) and tandem inclined
panels (b) at a ¼ 35�.
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of M2. For a single PV panel, the primary flow mode exhibits
alternating shedding vortices with a 2S pattern in the wake, albeit
no vortices are discovered on the up-surface. Thus, the fluctuat-
ing forces on the PV panel are caused by the continuously flow-
ing separation of the vortices on the up-surface. Moreover, as the
inclined angle increases, the path of vortex shedding shows an

upward jet trend with enhanced intensity, meanwhile, the range
of separated bubbles on the up-surface of the panel is gradually
close to the windward leading edge. Therefore, the wind load
enhancement on the windward leading edge of a single PV panel
caused by the jet phenomenon should be considered when
designing a single solar panel at a large inclined angle.

FIG. 13. Vorticity modes of the first two orders for the single panel (a), (c) and two tandem inclined panels (b), (d) at a ¼ 35�.

FIG. 14. Pressure modes of the first two orders for the single panel (a), (c) and two tandem inclined panels (b), (d) at a ¼ 35�.
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4. Concerning the primary mode of two tandem PV panels, it is
observed that the vortex shedding from the UP slaps on the
leading edge of the DP and is split, then merges with the wake
vortex of the DP, so that the DP’s fluctuating lift is larger than

that of the UP’s fluctuating lift. Regarding the second-order
mode, for small inclined angles (a � 35�), the small-scale vor-
tex intensity between the gaps increases with the increase of a,
which enhances the pressure fluctuations on the up-surface of
UP and the down-surface of DP. In addition, the wake flow
of UP has a more pronounced tilt-upward jet trend than that
of a single PV panel. For the inclined angle of 55�, the vortex
from the UP bypasses the DP, while the vortex shedding from
the DP is inhibited, thus reducing the fluctuating lift of DP.
Accordingly, the UP protects the DP against wind vibration at
large inclined angles. This study mainly studies the effect of
the downstream gap spacing and inclined angle of two tandem
PV panels on wind load, without considering the potential
effect of the lateral spacing on wind load when PV panels are
arranged side by side. Future research will further explore the
effect of lateral spacing on the wind load of PV arrays, provid-
ing a more comprehensive theoretical basis for the optimal
design of PV panels.

FIG. 15. Surface pressure distribution of UP and DP for single (a), (c) and two tandem panels (b), (d) at a ¼ 35�.

FIG. 16. Comparison of mode energy spectra of single (a) and tandem inclined
panels (b) at a ¼ 55�.
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