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Featured Application: The Louisiana State University (LSU) Windstorm Impact, Science, and
Engineering (WISE) Open-Jet Testing facility is instrumental in enhancing structural resilience
under windstorms. The facility represents a Mid-Scale Research Infrastructure to address grand
challenges and the need for experimental capabilities in the mid-scale range. Its unique capabil-
ities enable the comprehensive testing and evaluation of critical infrastructure components, en-
compassing low- and high-rise buildings, photovoltaic (PV) solar panels, wind turbines, bridges,
vegetation (nature-based solutions), power transmission lines, and more. Through controlled
wind conditions, researchers can gain invaluable insights into the behaviour and performance
of these critical infrastructures. The facility is pivotal in advancing the design and engineering
of robust, climate-resilient systems capable of withstanding the challenges posed by dynamic
environmental conditions. The potential impact of this wind testing facility extends far beyond
the boundaries of conventional engineering, offering a pathway towards a more sustainable and
resilient built environment on a global scale.

Abstract: Experimental wind engineering is crucial for global structural design. This paper addresses
limitations in aerodynamic testing, particularly in wall-bounded and small-scale scenarios. Open-jet
testing, introduced as an advanced tool, overcomes turbulence modelling constraints, providing a
more accurate representation of real-world conditions. The LSU WISE open-jet facility produces
complete turbulence at a large scale, eliminating the need for corrections accompanied by partial
turbulence simulation. This discovery holds significant implications in wind engineering and un-
steady aerodynamics. Integrating photovoltaic panels with gable-roofed buildings may not require
additional structural reinforcement, with a reduction in wind uplift forces by 45–63%. Building-
integrated photovoltaics (BIPV) offer design flexibility and aesthetic appeal despite potential higher
upfront costs. Strategic interventions, such as design optimization and cost-effective installation
methods, can enhance the economic viability of BIPV systems. Contrary to long-held beliefs, the
findings challenge the notion that wind loads on structures with sharp corners are insensitive to
Reynolds number. Open-jet testing produces higher peak pressures, providing real-world justification
for actual damage in high-rise buildings. These results validate the author’s hypothesis regarding
the underestimation of peak loads (in small-scale testing) leading to cladding failure in high-rise
buildings. They emphasize the superiority of large-scale open-jet testing, underscoring its critical
role in designing resilient structures. The LSU WISE open-jet facility’s unique capabilities hold
immense promise for revolutionizing wind engineering, addressing grand challenges, and creating
more resilient and sustainable infrastructure. Its applications span critical infrastructure, promising
significant economic, societal, and educational impacts in STEM fields.

Keywords: open-jet testing; aerodynamics; sustainability; solar panels; high-rise buildings; large-scale
turbulence; Reynolds number effects
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1. Introduction
1.1. Significance and Challenges in Wind Engineering

The field of wind engineering has witnessed a growing significance, particularly
concerning the aerodynamic performance of buildings and renewable energy infrastructure.
This importance stems from the increasing intensity and frequency of extreme wind events,
such as hurricanes/typhoons, which substantially damage the built environment [1,2]. The
challenges posed by extreme wind events face both low- and high-rise buildings [3]. With
most constructed buildings worldwide falling into the low-rise category, the structural
integrity of these buildings is of paramount importance [4,5]. While seismic considerations
are critical in high-risk zones, wind loads pose a significant challenge, especially in open
terrains, coastal areas, and elevated regions [6].

The aerodynamic behaviour of buildings, whether low- or high-rise, is complex and
influenced by various factors, including wind velocity, turbulence intensity, terrain, and
building geometry [4,7–9]. The unpredictable nature of wind loads further exacerbates
this complexity during storms, which fluctuate in magnitude, direction, and distribution
over time [6]. Buildings, in particular, exhibit bluff body characteristics, experiencing
downstream abnormal pressure gradients leading to boundary layer separation [10].

In recent years, the frequency and intensity of hurricanes and other extreme weather
events have increased, resulting in widespread damage to buildings and other struc-
tures [11–20]. The economic losses from such events are substantial, underscoring the
urgent need for more resilient building designs. Low-rise buildings, commonly found
in coastal and open terrain areas, are especially vulnerable to windstorms. Their typi-
cally non-engineered construction makes them more susceptible to wind-induced damage.
Understanding and accurately simulating wind loads on these structures and their compo-
nents, such as roof-mounted solar panels, is crucial for improving their design, resilience,
and sustainability [10,21,22].

In the case of high-rise buildings, their proliferation is driven by the need for sustain-
able urban development, allowing for increased population density on limited land [23].
However, their heightened elevation makes them particularly sensitive to wind loads [24].
The aerodynamic intricacies of high-rise structures, including flow separation, wake devel-
opment, and vortex formation, lead to fluctuating pressures on their façades, potentially
inducing structural responses and damage to cladding [25]. The increased incidence of
extreme wind events further emphasizes the importance of understanding and mitigating
wind-induced damage to high-rise buildings.

Given these challenges, aerodynamic testing is pivotal in evaluating wind effects on
buildings. However, traditional wall-bounded laboratory testing has limitations, particu-
larly in replicating complete turbulence at high Reynolds numbers, which are crucial for
accurately mimicking real-world conditions [26,27]. Recent studies advocate for large-scale
testing facilities, such as the open-jet facility at Louisiana State University (LSU), which
generates complete turbulence at higher Reynolds numbers, with minimal blockage ef-
fects [27,28]. These advances in testing techniques enable a more accurate estimation of
wind pressures on buildings, ultimately contributing to developing more resilient and
wind-resistant structural designs.

The combined insights from this paper aim to lay the foundation for a comprehensive
understanding of the challenges posed by extreme wind events on both low- and high-
rise buildings, as well as buildings with solar panels, and draw attention to a pioneering
approach, which promises a paradigm shift in structural resilience and design, with a
vision for revolutionizing wind engineering for many applications. This paradigm shift will
advance the wind engineering and structural design field by addressing the complexities
of aerodynamic behaviour, Reynolds number effects, and the performance of the natural
and manmade built environments.
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1.2. Urgency for Advancing Wind Engineering Practices

Recent studies have shed light on the escalating costs associated with wind-related
damage, emphasizing the urgency of advancing wind engineering practices. The United
States, in particular, has experienced a surge in financial losses due to extreme weather
events, with hurricanes accounting for a significant portion of the economic impact [29].
The unprecedented damage caused by hurricanes Harvey, Irma, and Maria in 2017 and
subsequent storms like Hurricane Laura in 2020 underscores the need for resilient structural
systems in low- and high-rise buildings, as well as solar panels [30–34]. These events have
prompted a re-evaluation of design provisions and practices to ensure the safety and
integrity of the built environment.

Wind tunnel testing has traditionally been the cornerstone of wind engineering studies,
providing insights into the behaviour of structures under wind loads. However, discrep-
ancies between wall-bounded laboratory results and real-world field measurements have
been noted, raising questions about the accuracy of scaled modelling and the effects of low
Reynolds number [26,27,35–38]. The limitations imposed by the Reynolds number law of
similitude have prompted a shift towards large-scale testing, which can replicate full-scale
physics [19,27,39]. This has spurred the development of advanced testing facilities, such as
the LSU WISE open-jet facility, which offers advantages in generating complete turbulence
and accurately simulating real-world conditions [27,40,41].

Despite advancements in wind engineering, there remains a critical need for research
addressing the unique challenges of low- and high-rise buildings. These structures’ com-
plex geometries and substantial heights introduce aerodynamic intricacy that necessitates
specialized investigation. The influence of aspect ratios on aerodynamic loads, particularly
concerning cladding elements, glass, and windows, requires in-depth exploration [42]. Ad-
ditionally, understanding the implications of Reynolds number effects on wind pressures is
crucial for refining design provisions and ensuring the resilience of buildings.

1.3. Knowledge Gap and Advancements in Wind Engineering

The existing body of research in wind engineering and structural design reveals a
significant gap in addressing the unique aerodynamic challenges posed by buildings and
their components. Recent studies highlight escalating financial losses attributed to wind-
related damage, particularly in extreme weather events such as hurricanes [29–33]. This
paper aims to bridge this knowledge gap by highlighting large-scale open-jet testing at
high Reynolds numbers, explicitly focusing on roofs, solar panels, and cladding elements.

The paper holds immense practical implications for the architectural and engineering
communities. Improved insights into the aerodynamic behaviour of buildings, particularly
in the context of complete turbulence and higher Reynolds numbers, will enable designers
to make more informed decisions, leading to the development of structures exhibiting
enhanced resilience against extreme wind events. Additionally, incorporating advanced
testing techniques, such as the LSU WISE open-jet approach, represents a significant
advancement in the field, allowing experiments under complete turbulence at higher
Reynolds numbers with minimized blockage effects.

In essence, these efforts add to the body of knowledge in wind engineering and
catalyses future advancements, setting a precedent for more rigorous and comprehensive
approaches to structural design. Moving forward, this paper seeks to establish a frame-
work to inform more accurate design practices for buildings of different types and sizes,
ultimately enhancing the resilience of structures against extreme wind events.

1.4. Paper Layout

Figure 1 presents a flowchart depicting the layout of the paper. In Section 2, small-scale
laboratory testing and its limitations in replicating full-scale physics are delved into, to
address the challenges associated with wall-bounded studies, highlighting the need for al-
ternative approaches. Section 3 then introduces the concept of open-jet testing, emphasizing
its potential advantages in replicating real-world conditions. Building upon this foundation,
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Section 4 offers a detailed exploration of large-scale open-jet testing applied to low-rise
buildings, providing insight into methodologies and findings. Shifting focus, Section 5
examines the resilience of roof-mounted solar panels under high wind loads, covering
wind effects, structural integrity, and aerodynamic testing outcomes. Section 6 extends
the discussion to large-scale open-jet testing for cladding design in high-rise buildings,
elucidating the objectives and scale effects of the study. In Section 7, a discussion of results
is engaged, categorizing findings based on building type and integration with solar panels.
In Section 8, potential avenues for future research are explored, including harmonizing solar
panels with architectural aesthetics and advancements in building-integrated photovoltaics
(BIPV). Section 9 outlines a vision for open-jet testing, encompassing various areas of
future research and application, from the wind performance of different infrastructure and
aerodynamic systems to educational initiatives. Finally, in Section 10, the key findings and
implications of the paper are synthesized, emphasizing their broader impact on resilience
and sustainability.
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Figure 1. Flowchart illustrating the structural organization of the paper, outlining the sequential
exploration of small-scale wind testing challenges (Section 2), the introduction of open-jet testing
concepts (Section 3), detailed investigation of large-scale open-jet testing on low-rise buildings
(Section 4), examination of roof-mounted solar panel resilience (Section 5), exploration of large-scale
open-jet testing for cladding design in high-rise buildings (Section 6), discussion of categorized results
(Section 7), exploration of future research avenues (Sections 8 and 9), and synthesis of key findings
and implications (Section 10).
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2. Challenges in Wall-Bounded Aerodynamic Testing

In wind engineering research, accurately emulating wind attributes in a controlled
environment is crucial to understanding a structure’s reaction to designated wind scenarios.
This necessitates the initial replication of wind flow characteristics as per a standardized
methodology. Following this, aerodynamic examinations are executed to produce wind-
induced pressures and forces acting upon the facades and the structure while upholding
the principles of similitude [43]. To satisfy these prerequisites, diverse techniques are
employed for simulating atmospheric boundary layer (ABL) flows, including laboratory
and computational approaches [44].

Wind tunnel modelling, assumed to be indispensable for assessing wind-induced
pressures and loads on structures, has been considered fundamental for numerous decades.
However, challenges arise in replicating turbulence and associated physics accurately, espe-
cially in wall-bounded laboratory settings [45]. Achieving spectral fidelity with authentic
wind patterns at high Reynolds numbers has been a challenge, impacting the accuracy
of laboratory experiments [46]. Scaling factors introduce complexities [26,47]. However,
larger test models in wall-bounded test sections can alleviate some issues but introduce
disparities [47].

The aerodynamic characteristics of structures immersed in turbulent flows are intri-
cately linked to wind patterns’ spatial and temporal dynamics [48]. Understanding peak
loads and the spatial pressure interrelation necessitates realistic flow production aligned
with full-scale conditions. Challenges arise in replicating the complete turbulence spectra
at considerable scales [49–51].

Disparities exceeding 50% in aerodynamic metrics have been observed across research
laboratories, emphasizing the importance of novel and advanced wind testing [52]. The
feasibility of accurately estimating wind-induced loads for design considerations solely
reliant on small-scale wall-bounded wind testing outcomes is questioned [53]. The realistic
replication of low-frequency turbulence poses a challenge in conventional wall-bounded
laboratory experimentation [54].

Figure 2 provides an overview of the observed lack of large-scale turbulence, specifi-
cally low-frequency turbulence, in wall-bounded laboratory testing scenarios. In subfig-
ure (a), at a scale of 1:300, the high turbulence flow aligns well with the intended target,
demonstrating a successful match. However, in subfigure (b), at a scale of 1:10, the high-
turbulence flow deviates significantly from the target, indicating a lack of congruence.
Subfigure (c) emphasizes the issue with the normalization of frequency (x-axis) using
the flow integral length scale. It is important to note that while this approach may seem
intuitive, it can potentially lead to misleading conclusions as it conceals the underlying
deficiency in turbulence production, a recurrent issue in prior wall-bounded laboratories.
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Figure 2. Lack of large-scale turbulence (low frequency turbulence) in wall-bounded laboratory
testing: (a) scale 1:300 (the high turbulence flow matches with the target), (b) scale 1:10 (the high
turbulence flow does not match with the target), and (c) normalizing the frequency (x-axis) using
the flow integral length scale. Using the flow integral length scale to normalize the frequency can be
misleading as it conceals the lack of turbulence (an issue common in previous wall-bounded studies).
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Small-scale testing presents challenges such as spectra mismatch, Reynolds number
effects, blockage issues. Besides, concerns about solar panel damage, and cladding failures
on low- and high-rise buildings raise questions about the previous aerodynamic testing
methods and design approaches that have been followed for decades [34,55–58]. Address-
ing these challenges necessitates advanced studies, and motivates the consideration of a
novel testing approach, which is crucial for the safety and dependability of structures when
subjected to wind loads.

3. Open-Jet Testing

Full-scale wind testing on buildings and other structures is ideal; however, achieving
a 1:1 scale flow that accurately replicates genuine windstorm attributes poses significant
challenges [27]. A facility that generates a 1:1 scale flow would necessitate immense blow-
ers positioned at a distance surpassing what a practicable facility could accommodate.
Synthetic wind exhibits substantial high-frequency turbulence and lack of low-frequency
turbulence at higher Reynolds numbers, imposing restrictions on the size of vortices, thus
rendering the scaling of buildings an inevitable requirement for realistically reproducing
authentic physics. While there are testing capabilities encompassing large-scale residential
structures, the flow characteristics introduce critical questions regarding their resemblance
to full-scale ones [59]. Therefore, the scaling of test objects remains imperative for up-
holding accurate physics. Concurrently, large-scale testing, albeit not full-scale, promises
an enhancement in the Reynolds number and its associated aerodynamics. The evolu-
tion of large-scale wind testing has undergone various stages before attaining its current
state [44,60]. However, turbulence is fundamental for the understanding of aerodynamics,
as well as for optimizing the performance of various systems [61].

In the pursuit of advancing capabilities in simulating the atmospheric boundary
layer (ABL) and understanding the flow mechanism and aerodynamics responsible for
the formation of peak loads that cause failure to buildings, the author led a research team
to establish the Windstorm Impact, Science and Engineering (WISE) Laboratory, situated
at Louisiana State University (LSU), and undertook the construction of a compact open-
jet facility in 2013 [45,60,62] (Figure 3). The principle behind open-jet testing lies in its
absence of physical enclosures, offering two primary advantages: (i) the generation of
larger eddies, resulting in higher peak pressures akin to those observed at full scale, and
(ii) a reduction in blockage effects [63]. The primary objective of this apparatus was to
physically replicate hurricane-induced wind patterns resembling those encountered in
open and suburban terrains.
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Reduced-scale replicas of low-rise structures were subjected to experimental scrutiny
to ascertain the impact of approaching flow turbulence characteristics, scale considera-
tions, and the proximity effect of the open-jet exit on the flow dynamics around low-rise
buildings [45]. Additionally, the study delved into the alterations in separation bubble
length occurring on the roof surface. Specifically, the investigation sought to elucidate
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the correlation between these variables and the magnitudes of peak pressures exerted
on the roof, as detailed in the author’s previous studies [45,60]. Employing a modifiable
turbulence generation mechanism, diverse wind profiles were physically emulated.

A multidisciplinary research team at LSU, comprising experts from Civil and Environ-
mental Engineering, Mechanical Engineering, Coast and Environment, Louisiana Sea Grant,
Geography and Anthropology, Construction Management, and Sociology, collaborated
on a project entitled ‘Hurricane Flow Generation at High Reynolds Number for Testing
Energy and Coastal Infrastructure’, which received funding from the Louisiana Board of
Regents [64]. The objective was to establish an extensive hurricane testing facility. This
facility facilitates the production of high Reynolds number wind flows over a test section
measuring 4 m × 4 m (see Figure 4). These capabilities empower the execution of wind en-
gineering experiments at a notably large scale. Furthermore, the generously sized open-jet
facility possesses the potential for conducting destructive testing on models constructed
from authentic construction materials. Blockage is minimized as per the principles of
open-jet testing [63]. This state-of-the-art facility is adept at generating authentic hurricane
wind turbulence by realistically replicating the complete spectra of velocity at a large scale
and high Reynolds numbers.
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The facility demonstrates proficiency in generating mean wind speed and turbulence
profiles that emulate open-terrain environments [63]. A suite of advanced instruments,
including cobra probes, load cells, laser displacement sensors, and a 256-channel pressure
scanning system, are available at the WISE laboratory. These instrumental resources allow
advanced testing to capture and scrutinize the data garnered during experimental trials.

The large LSU WISE open-jet facility is a critical platform for researchers to validate
their conceptual frameworks, advancing knowledge and fostering breakthroughs in science,
hurricane engineering, materials, and structures. The goal is fortifying infrastructure,
making it more resilient and sustainable.

The LSU WISE open-jet facility is a cutting-edge establishment offering distinctive
capabilities for subjecting buildings to realistic wind loads [42,57,63]. Noteworthy features
and functionalities encompass high Reynolds number testing, authentic turbulence gen-
eration, comprehensive wind flow analysis, and large-scale experimentation, crucial for
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accurately simulating flow patterns around buildings in the ABL. It proficiently generates
turbulence patterns that closely mimic real-world scenarios, enabling the precise charac-
terization of wind loads on structures. Additionally, the facility accurately reproduces the
entire wind flow characteristics encircling buildings, including mean and peak pressures,
closely mirroring observations in actual environmental settings. This facility stands as an
invaluable instrument for both researchers and engineers dedicated to structural wind
engineering. Presented subsequently are three distinct open-jet studies.

4. Study 1: Aerodynamics of Low-Rise Buildings: Large-Scale Open-Jet Testing
4.1. Background

The capricious and intricate nature of turbulent winds confers upon the prediction of
aerodynamic loads a formidable challenge. The fidelity of such load prognostication hinges
upon the accuracy in replicating turbulence intensity, integral length scale, and Reynolds
number effects. The optimal scenario entails the realistic reproduction of features intrinsic
to full-scale real-world conditions within the laboratory, and for accurate load prediction, it
is imperative to ensure the presence of both small- and large-scale turbulence in the incident
flow. This necessitates the laboratory’s capability to replicate low-frequency (large) and
high-frequency (small) velocity fluctuations with commensurate energy. In wall-bounded
wind testing settings, low-frequency turbulence often lacks sufficient energy, leading to an
inability to generate peak loads that cause failure. This limitation contributes to disparities
in estimating peak pressures between wall-bounded experiments and their corresponding
full-scale counterparts [27]. Adopting higher Reynolds numbers in aerodynamic testing,
employing the open-jet concept, is anticipated to enhance the capacity for generating
turbulence across the entire frequency spectrum. Consequently, open-jet testing is expected
to yield higher peak aerodynamic loads than those derived from conventional small-scale
testing [27].

4.2. Methods

The LSU open-jet facility exhibits proficiency in conducting extensive testing character-
ized by elevated Reynolds numbers, encompassing destructive trials. Two cubic building
prototypes, scaled at 1:13 and 1:26 proportions, were fabricated utilizing wooden elements
and panels. The scaled building models were tested at the open-jet facility, and the re-
sults were compared with those obtained from a 1:100 scale wind tunnel model [63]. The
authentic stature of the cubic model at full scale measures 16 m. Velocity measurements
were acquired at diverse along-wind positions within the open-jet facility and at varying
elevations, aiming to discern an optimal scale and location for experimentation. Further-
more, mean and peak pressures are methodically computed through statistical analysis
after recording pressure-time records via pneumatic conduits and Scanivalve pressure
scanning system. The sensitivity of surface pressures to Reynolds number effects was
also scrutinized.

4.3. Findings

Figure 4 introduces the LSU open-jet test setup, featuring an adjustable flow man-
agement apparatus positioned at the forefront of the blowers. This device facilitates the
creation of an optimal mean velocity and turbulence profile, representative of different
terrain conditions within the test section.

Figure 5 displays the along-wind velocity characteristics and turbulence profile. The
LSU WISE facility is unique in producing complete turbulence, compared to another facility
requiring post-processing corrections to compensate for the lack of turbulence [51]. It
is worth mentioning that, in the literature, partial turbulence simulation was adapted
due to inability to produce complete turbulence at a large scale (a lack of low-frequency
turbulence is depicted in Figure 6 of Azzi et al. [59]). The turbulence generated by the LSU
WISE open-jet system is unique as it adheres to the theoretical spectrum, encompassing
both small- and large-scale components at higher Reynolds numbers [42]. This discovery
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holds significant implications in the realm of experimental wind engineering and unsteady
aerodynamics.
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Figure 5. Large-scale open-jet experimentation conducted at LSU: (a) velocity spectrum and time
history at 1 m, and (b) normalized velocity and turbulence profiles.

Using the open-jet concept in testing contributes to generating large-scale turbulence
within the facility, further advancing the understanding of aerodynamic behaviours in
practical applications.

Table 1 delineates Reynolds numbers pertinent to varying scales. The pressure coef-
ficients are qualitatively assessed in the form of (a) contour plots to compare with TPU
results. The two models were tested at two different velocities for each location that gener-
ate multiple Reynolds number cases (Table 1). More details about this study are available
in [63].

Table 1. Reynolds numbers correspond to varying scales.

Scale 1:100 (TPU WT) 1:26 (LSU OJ) 1:13 (LSU OJ)
Reynolds number 4.9 ∗ 104 0.34 ∗ 106 0.8 ∗ 106

Figures 6 and 7 conspicuously illustrate the escalating trend in mean and 95% quantile
peak pressure coefficients concomitant with augmented Reynolds numbers. Furthermore,
the findings evince the presence of a more expansive separation bubble in the open-jet
scenario as opposed to small-scale testing, inducing a progressive decline in pressure
downstream on the roof. These promising outcomes undeniably advance aerodynamic
testing of low-rise edifices towards a scenario mirroring full-scale conditions. Examining
such sizable structures at elevated Reynolds numbers in the open-jet environment has
substantiated heightened local peak pressures. These outcomes exert substantial influence
on the refinement of extant building standards.
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Figure 6. Mean pressure coefficients were observed in three distinct test configurations: (a) 1:100 TPU
wind tunnel, (b) 1:26 LSU open-jet, and (c) 1:13 LSU open-jet.
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Figure 7. Ninety-fifth percentile minimum pressure coefficients under varying test conditions: (a) in a
1:100 TPU wind tunnel, (b) in a 1:26 LSU open-jet, and (c) in a 1:13 LSU open-jet.

5. Study 2: Resilience of Roof-Mounted Solar Panels to High Wind Loads
5.1. Wind Effects on Roof-Mounted Photovoltaic Panels

In contemporary society, a notable facet of infrastructure subject to heightened wind
forces encompasses roof-mounted solar panels. This is particularly pertinent given that
solar energy constituted a 56% of newly added electricity-generating capacity within the
United States during the initial half of 2021. The installation rates of residential solar panels
reached historically elevated levels in 2020 and 2021. Consequently, a pressing imperative
arises to scrutinize, assess, and benchmark the structural robustness of the solar panels and
the underlying roof assemblies. This diligence is crucial to forestall any prospective failures,
thereby averting the potential hazard of these components becoming airborne debris in
scenarios of high intensity wind [65].

Roof-mounted solar arrays represent appendages to buildings, engineered to with-
stand challenging wind events. Since their advent in the residential sphere, instances have
been documented wherein solar systems have successfully weathered severe storms [66–69].
A notable illustration is observed in Puerto Rico, an island affected by the ravages of Hur-
ricanes Irma and Maria in 2017. An evaluation report on mitigation affirms that most
impairments to residential solar panels were attributable to deficiently anchored roofs,
suboptimal panel-to-frame junctions, or intrinsic panel failures. Remarkably, there was
a conspicuous absence of reported incidents wherein roofs bearing solar panels failed
outright [66]. This indicates that the wind-induced loads channelled through the solar
array were sufficient to precipitate the failure of the array’s internal connections before any
structural compromise of the underlying roof.
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Illustratively, Figure 8 encapsulates a scenario wherein a roof housing solar panels
incurred damage—specifically, the roof covering experienced uplift at the peripheries due
to inadequacies in fastening. Notably, the covering beneath the solar array remained secure
due to the anchoring system integral to the array (Figure 8a).
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Figure 8. Roof damage examples with and without solar PV panels: (a) a roof in Puerto Rico,
featuring solar PV panels displaying corrosion and insufficient fasteners near the roof edge (red
arrow), although the panels prevented further damage; (b) close-up of solar PV panels securing
portions of the roof covering (blue arrows show adequate fastening); (c) A roof near Ottawa, Canada,
without solar panels, exhibiting extensive tornado-induced damage; and (d) a residence in the same
area with PV panels, showing no visible roof damage.

Tornado damage to buildings is a concern [70]. A pertinent illustration of the com-
parative efficacy between roofs outfitted with PV panels and those without arises from a
reconnaissance investigation of tornado-induced damages close to Ottawa, Canada [65].
Empirical evidence revealed that a roof equipped with solar panels exhibited no discernible
damage or loss of cladding, in contrast to an adjacent residence with an unadorned roof,
which suffered severe failure [67] (see Figure 8c,d).

Following a thorough evaluation of the aftermath of recent storms, the Rocky Moun-
tain Institute and the Clinton Foundation conducted a comprehensive analysis of the failure
of PV racking systems. This examination yielded a set of recommendations delineating op-
timal practices for robust roof-mounted solar panels in hurricane-prone environments [71].
These recommendations encompass enhancements in hardware design and selection, the
augmentation of panel load rating, the implementation of stringent QA/QC protocols
to guarantee precise connection installation, and the incorporation of wind testing for
racking designs to ascertain resilience and structural integrity. Notably, the report refrained
from providing directives on roof configurations tailored to enhance solar panel perfor-
mance. Further investigation is warranted into the interplay between wind dynamics and
residential roofs outfitted with solar panels.
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5.2. Structural Integrity of Roof-Mounted Solar Panels

With the escalating frequency of severe meteorological phenomena, a pressing need
arises to ascertain the structural integrity of roof-mounted photovoltaic (PV) panels amidst
the elevated wind velocities associated with such events. Existing research has primarily
concentrated on the standalone performance of PV panels, overlooking the critical aspect
of their interaction with the supporting roof. Incidents of PV racking system failures
during extreme weather events underscore the imperative for refined installation practices
and enhanced design methodologies, guaranteeing the resilience of the panels and their
underlying roofs.

Hence, the impetus behind this inquiry lies in scrutinizing the dynamic interplay
of wind forces between residential roofs and solar panels, with a discerning eye toward
potential consequences on roof configuration and PV system deployment for bolstered
performance under extreme wind conditions. The specific focal points encompass an
assessment of the influence of panel spacing and arrangement on the wind-induced loads
acting upon the solar panels and the building’s roof [58]. Concurrently, an evaluation was
conducted to ascertain the adequacy of extant design protocols and regulatory standards
pertaining to roof-mounted PV systems in regions characterized by high wind speed.

5.3. Aerodynamic Testing of Photovoltaic Panels on a Gable-Roofed Building

After the wind testing of the unaltered building model, a total of eighteen PV panels
were affixed to the roof, as per the configurations delineated in Figure 9 [69]. When scaled
down at a ratio of 1:7.5, these panels possessed dimensions of 203 mm in width and 447 mm
in length.
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Figure 9. Aerodynamic test model comprising: (a) a gabled roof integrated with PV panels (Case 2),
(b) an active panel equipped with pressure taps affixed onto the roof (tubes precisely aligned with
the surface before testing), (c) a PV array model featuring an engineered racking system (Case 3), and
(d) panel configuration enhancements implemented for conclusive testing, entailing gap closure and
integration of a leading-edge trim (Case 4). The trim was constructed to a 1:7.5 scale, in concordance
with the overall model.
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The layout of the panels in this investigation was deliberately selected to align with
the V2 configuration previously employed in a related study [46]. Given the symmetrical
nature of the building layout, merely three panels were equipped with pressure taps,
while the remainder served as inert counterparts. The active panels, totalling three, were
fabricated from 2-mm thick acrylic sheets, in contrast with the dummy panels, which were
formed from plywood sheets. Following their fabrication, the solar panels were securely
fastened to the roof through super glue, complemented by precisely dimensioned wooden
blocks that ensured an optimal attachment height (see Figure 9a,b).

Given the vertical clearance between the roof surface and the panels, pressure taps
were strategically positioned along the top and bottom surfaces. Emphasis was placed on
corner and edge locations during tap layout design. The bottom surface tap layout aligned
tributary areas with those on the upper surface, facilitating net pressure computations.
The top surface of the panel featured twenty-four pressure taps, while the bottom surface
had eight taps. To mitigate dynamic pressure effects, taps along the bottom surface were
oriented at a 45-degree angle (Figure 9b). Conduits for the PV panel taps traversed an
aperture in the underlying roof surface and linked to the sensors inside the building.

To amass a comprehensive pressure dataset for wind interactions with the panels, the
model was subjected to oncoming wind from eight cardinal directions: 0◦, 45◦, 90◦, 135◦,
180◦, 225◦, 270◦, and 315◦. This selection of wind directions ensures a thorough examination
of wind effects on the bare roof and roof with panels in different configurations. The
ensuing pressure data were recorded and scrutinized to yield insights into the aerodynamic
performance of the roof panels under varying wind conditions.

Following the initial two tests (bare roof (Case 1) and roof with panels in the configu-
ration shown in Figure 9a (Case 2)), the investigation progressed by incorporating realistic
solar array elements into the model. The initial step involved integrating the array’s racking
system by affixing 1/2 inch (13 mm) square wooden dowels to the roof surface beneath the
panels (Case 3 as shown in Figure 9c). Four rows of racking were affixed to the model. The
placement and dimensions of the racking were determined using the UNIRAC design tool
and product specifications [72]. Figure 9c depicts the racking securely attached to the roof.
The model subsequently underwent its third round of testing with oncoming wind from
the same angles as in the second test.

To enhance the aerodynamic performance of the PV arrays, the second phase of
adjustments entailed minimizing the interspace between the panels. In a standard full-scale
array, the inter-panel gap measures 1 inch (25.4 mm), which translates to approximately
0.13 inches (3.4 mm) at a reduced scale of 1:7.5. Moreover, full-scale arrays may incorporate
a trim or skirt at the foremost edge for aesthetic considerations; however, it is imperative to
note that the trim’s configuration significantly influences the airflow dynamics around the
panel. To emulate the trim’s form, a contoured strip was formed from corrugated plastic
sheeting and affixed to the leading edge of the panels utilizing adhesive and tape (Case 4
as shown in Figure 9d).

Given the current study’s objective to assess the influence of roof-mounted solar
panels on wind loads exerted upon the supporting roof structure, ASCE 7-16 and 7-22 offer
comprehensive guidance for wind load computations pertaining to both the unadorned
roofs and those with solar installations. Utilizing the stipulations outlined in Section 30.3 of
ASCE 7-16 and 7-22, one can derive the design wind pressure for the plain roof. Section
29.4.4 of ASCE 7-16 and 7-22 can be employed to evaluate the pressures acting upon the
PV panels, given their parallel orientation to the roof surface and compliance with all
other requisites specified in the section [73,74]. Analogous to the components and cladding
methodology, the computed pressures on the PV panels were contingent upon the zoned
external pressure coefficients. In the present investigation, the layout of the solar panels
consistently fell within Zone 1, as per both editions of ASCE 7.
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5.4. Outcomes

The initial findings indicated a notable decrease in the magnitude of minimum pres-
sures on the roof surface when solar panels were introduced (depicted in Figure 10d), a
reduction further accentuated in configurations where the PV array boasted a seamless
alignment of modules (as illustrated in Figure 10f).

(a) (b) 
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(e) (f) 

Figure 10. Minimum pressure coefficients were observed for taps 1–110 on the roof 
surface, maintaining a 0-degree orientation across all four experimental trials. 
Subfigure (a) delineates the spatial arrangement of the pressure taps (dots) and 
prevailing wind direction (arrow). Subfigure (b) visually represents the building’s 
alignment within the open-jet testing facility. Subfigures (c) through (f) present the 
minimum pressure coefficients corresponding to distinct roof configurations: (c) 
unadorned roof (Case 1), (d) roof outfitted with panels (Case 2), (e) roof furnished 
with panels and supporting framework (Case 3), and (f) roof featuring panels, 
supporting framework, and trim (sans interstices) (Case 4). 

Figure 10. Minimum pressure coefficients were observed for taps 1–110 on the roof surface, main-
taining a 0-degree orientation across all four experimental trials. Subfigure (a) delineates the spatial
arrangement of the pressure taps (dots) and prevailing wind direction (arrow). Subfigure (b) visu-
ally represents the building’s alignment within the open-jet testing facility. Subfigures (c) through
(f) present the minimum pressure coefficients corresponding to distinct roof configurations: (c) un-
adorned roof (Case 1), (d) roof outfitted with panels (Case 2), (e) roof furnished with panels and
supporting framework (Case 3), and (f) roof featuring panels, supporting framework, and trim (sans
interstices) (Case 4).

Installing solar panels on a building’s roof introduces a potential influence on the main
wind force resisting system (MWFRS), the primary structure responsible for transmitting
all loads to the foundation. An assessment of the PV array’s impact on the aggregate load
transmitted to the ground was undertaken, involving the collection of pressure coefficients
from both external and internal facets of the attached panels. This data was subsequently
leveraged to compute an average pressure coefficient value for the underlying Zone 1. This
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analysis, conducted in adherence to ASCE 7 design standards, facilitated an evaluation of
the effect of PV arrays on the MWFRS.

The estimated average “net” minimum pressure coefficients for Zone 1 are listed in
Table 2. A discernible observation is that installing a PV array does not engender an escala-
tion in the exposure to heightened wind loads on the supporting structure compared to an
unadorned roof. This phenomenon is attributed to the net pressures on the panels, exerted
downward on the roof, consequently reducing the total roof uplift loads. Specifically, roofs
fitted with panels (Case 2) demonstrated a reduction in overall uplift forces ranging from
54% to 60%, while those with panels and racking (Case 3) experienced a 45–52% decrease.
The most substantial reduction in uplift wind loads, ranging from 61 to 63%, was achieved
in the configuration featuring panels, racking, and trim without gaps (Case 4).

Table 2. The highest average “net” minimum pressure coefficients for Zone 1 across all test angles.
These net pressure coefficients indicate the aggregate force exerted on the structure when subjected
to wind-induced loads acting on both the roof and the attached solar panels.

Zone
Case 1 Case 2 Case 3 Case 4

Cp Angle Cp Angle Cp Angle Cp Angle

1W −0.865 0 −0.400 (54%) 0 −0.478 (45%) 0 −0.336 (61%) 270
1L −0.906 0 −0.362 (60%) 180 −0.436 (52%) 180 −0.335 (63%) 270

6. Study 3: Large-Scale Open-Jet Testing for Cladding Design in High-Rise Buildings

The construction of high-rise buildings aligns with sustainability tenets by enabling
a greater population density within a confined footprint [23,75,76]. Nevertheless, high-
rise edifices are notably susceptible to the influence of wind loads [24]. The prevailing
flow pattern hinges on various phenomena, including separation, wake development, and
vortex generation. These factors create prominent fluctuations in pressures exerted on
the building’s exterior, with the potential for cladding damage and excessive structural
responses in both translational and torsional modes [25]. Consequently, comprehensive
aerodynamic investigations are imperative for accurate response analysis and informing
the design of façades and cladding systems. Given the heightened frequency and intensity
of severe wind events in recent years, high-rise buildings have experienced an increase in
damage incidents.

6.1. Objectives of the High-Rise Building Study

This investigation aimed to precisely reproduce the distribution of wind-induced
pressure surrounding a tall building, through experimentation on a large-scale model at
a high Reynolds number [57]. The primary objective was the adept design of cladding
components, glass, and fenestration for high-rise structures to mitigate damage from severe
wind occurrences. Emphasis was placed on comprehending the impacts of aspect ratio
and scale effects on pressure magnitude and distribution [57]. The aerodynamic testing
encompassed two distinct aspect ratios (width-to-depth ratios of 0.67 and 1.5) to gauge the
significance of structural dimensions on wind loading. Comparative analysis of findings
from this open-jet testing study with those from a smaller-scale study was conducted,
to underscore the criticality of testing at elevated Reynolds numbers. Non-dimensional
pressure contours were generated for all facets of the structure. An examination of peak
and fluctuating pressures was undertaken to grasp the influence of the Reynolds number
on the aerodynamic loads responsible for damage to cladding, glass, and fenestration of
tall buildings in the face of extreme winds.

A three-dimensional experimental model, scaled at 1:50, was crafted to delve into
the aerodynamic behaviour of the building. The subject of this study is an envisaged
timber high-rise slated for construction in Chicago, USA. The dimensional specifications
for the full-scale structure are as follows: a height of 121 m, a width of 36 m, and a
depth of 24 m [77]. A rigid model of the building was constructed using plywood to
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custom the outer veneers, while wooden studs formed the skeleton, firmly fastened via
screws. Depicted in Figure 11 is the scaled building model, situated within the open-jet
test section. Notably, most high-rise edifices examined in wind tunnels are markedly
smaller in scale, typically ranging from 1:500 to 1:300 [78,79]. Given the larger scale of this
structure, scaling effects on wind load estimations were attenuated, resulting in a more
realistic emulation of actual wind flow and associated pressures. The placement of the
building, set at twice the height of the open jet from the exit of the blowers, necessitated a
specialized configuration at its base to counteract shear and overturning moments. The
specifics of the experimental arrangement, model configuration, pneumatic couplings,
orientations of wind flow (0 and 90 degrees), and tube layout within the building model
are depicted in Figure 11. Five pressure scanners were deployed at five discrete levels [57].
A statistical methodology was employed to obtain minimum and maximum pressures [80].
Although the conventional approach assumes a Gaussian distribution of response, it has
been documented that stochastic responses may adhere to a non-Gaussian process. A recent
examination has proposed using the Weibull distribution to model peak pressures [81].
Other investigations have concurred that the extreme value type I (Gumbel) distribution
accurately represents peak pressures [82–84]. Wind pressure data gleaned from open-jet
testing were processed using an automated procedure, factoring in the 95th percentile [80].
This methodology yielded peak pressures with minimal susceptibility to record length and
sampling frequency compared to observed peaks.
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Figure 11. Experimental configuration. In subfigure (a), the test model, scaled geometrically at
1:50, showcases the building’s narrow facade aligned orthogonally to the prevailing wind direction.
Subfigure (b) details the model’s internal tube and Scanivalve pressure scanner arrangement. Subfig-
ure (c) exhibits pneumatic tubes with connectors, each appropriately labelled. Subfigure (d) shows
72-port pneumatic connectors. A total of 256 pressure taps were distributed on the outer faces of the
high-rise building model.
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6.2. Scale Effects

To conduct a comparative analysis of pressure distribution on the building, an identical
model, albeit at a reduced scale (1:200), was tested at Western University, serving as a
reference. This small-scale model exhibited similar height and aspect ratio characteristics.

The peak pressure coefficients showed a prominent disparity between the outcomes
of the open-jet and small-scale examinations. Figure 12 delineates the contrast in peak
pressure coefficients along the windward and sidewalls of both large and small scale models.
On the windward side, the open-jet test recorded a maximum pressure coefficient of 2.7
near the stagnation area (Figure 12a), whereas the small-scale test yielded a corresponding
coefficient of two (Figure 12b). The highest peak pressure position differed between both
models, with the open-jet test recording the maximum value at a higher elevation.
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ratio of base width to diameter (B/D) equal to 1.5. Panels (a,b) pertain to the windward sides of the
large and small-scale models, respectively, while panels (c,d) correspond to the sidewalls of the large
and small-scale models, respectively. The small-scale data has been sourced from references [85,86].

A pivotal distinction between the two assessments arises in the peak negative pressure
on the sidewall. The large-scale model showed a peak pressure coefficient of −4, in contrast
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to the smaller model, which recorded a coefficient of −3.45. Notably, the magnitude
and positioning of peak pressures on the sidewall differed from the small-scale model.
This variance between the small- and large-scale results may be attributed to an elevated
Reynolds number with complete turbulence in the open-jet scenario. These pivotal flow
parameters constituted the primary contributors to discrepancies across various wind
tunnel experiments.

As illustrated in Figure 12, the minimum pressure coefficients were situated in the
lower portion of the smaller model. In contrast, in the larger model, these coefficients were
located in the upper section of the structure. This disparity may lead to an overestimation
of pressures in the lower segment and an underestimation in the upper part of the building.
Specifically, the smaller model’s upper sidewall section exhibited a minimum pressure
coefficient of approximately −2.5. In contrast, the larger model measured around −4,
signifying a substantial deviation between the open-jet testing and the wall-bounded test
at a smaller scale.

7. Discussion of Results
7.1. Aerodynamics of Low-Rise Building (Study 1)

The paper discussed the aerodynamics of low-rise buildings, emphasizing the role
of turbulence in generating peak pressures and separation in the shear layer. Traditional
wind tunnel testing has limitations in generating large-scale turbulence at high Reynolds
numbers. The increase in large-scale turbulence content in incident flow leads to higher
peak pressures but replicating this in testing is challenging due to limitations in turbulence
production. Modern tools like the LSU WISE open-jet testing facility can address these
challenges, allowing for large-scale testing.

In the literature, partial turbulence simulation has been used as a workaround for
compensating for the lack of turbulence in large-scale testing. As demonstrated in Figure 6
of Azzi et al. [59], the flow lacks large-scale turbulence. Neglection of actual flow turbu-
lence contradicts the fundamental understanding of aerodynamics and fluid mechanics.
Turbulence is essential for understanding and optimizing the performance of various sys-
tems [61]. However, the turbulence generated by the LSU WISE open-jet system conforms
to theoretical formulations, encompassing both small- and large-scale components [42].
This discovery carries significant implications for bluff body aerodynamics. A crucial exper-
iment involving a large-scale cubic building model conducted at the LSU open-jet facility
at a higher Reynolds number highlighted the importance of such testing for obtaining
realistic peak pressures. Additional open-jet test results on the Texas Tech University (TTU)
building model mimic field measurements. These additional findings will appear in a
separate paper.

7.2. Aerodynamics of a Low-Rise Building with Photovoltaic Panels (Study 2)

The second study investigated the impact of PV panels on wind-induced forces and the
security of underlying components in gable-roofed buildings. ASCE 7-16 and 7-22 guide-
lines mandate the simultaneous application of wind loads for both the bare roof and the
solar panels, excluding areas covered by the panels’ plan projection [73,74]. When the solar
panel wind pressure is lower than Zone 1 pressures for the bare roof, reduced wind-induced
forces are expected on the components and cladding beneath the panels.

ASCE 7-16 underestimates the benefits of solar panels compared to this study’s find-
ings. However, ASCE 7-22 aligns with the current study. Solar panels provide enhanced
protection for underlying components and act as a physical barrier against the potential
lift or detachment of elements like shingles. Trims are recommended for roof-mounted
solar arrays, with the study emphasizing the need for further research to refine standards
and assess long-term performance effects. The solar panel study is poised to furnish pre-
scriptive guidelines for superlative practices in robust roof-mounted PV systems, ensuring
their steadfastness and durability amid extreme weather events. It aspires to contribute to
advancing more efficacious design criteria and regulatory frameworks for these systems.
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In addition to wind loads, other factors impacting solar panel functionality should
be considered. The response surface methodology (RSM) optimization of waste materials
as reflectors for bifacial PV modules demonstrates a significant improvement in energy
output [87]. Ganesan et al. [88] proposed installing upside-down modules to address
potential defects. Murugesan et al. [89] eradicated the necessity of reconfiguration in PV
arrays to improve the overall performance in the presence of partial shading and faults [90].
Walters et al. [91] highlighted seismic considerations and assessment methodologies for
isolated rooftop PV arrays, emphasizing their potential in mitigating building base shear
while addressing concerns about potential movement induced by seismic and wind forces.
Vibrations can adversely affect buildings [92]. Integrating solar panels with buildings can
also serve as tuned mass dampers, providing additional seismic mitigation and vibration
control [24].

7.3. Aerodynamics of High-Rise Buildings (Study 3)

It has perennially posed a formidable challenge to accurately predict wind-induced
pressures and loads on full-scale edifices through small-scale testing. This predicament
arises from the contradictions in Reynolds numbers and the dearth of large-scale turbulence
emulation. Empirical evidence attests that testing at elevated Reynolds numbers elicits
augmented pressures compared to small-scale wind testing [27]. Prior endeavours exam-
ining buildings of akin configuration, scaled at 1:200, proved inadequate in elucidating
the intricacies of pressure distribution across their surfaces [85,86]. Experimentation with
low-rise structures at higher Reynolds numbers corroborates the profound influence of its
effects on peak pressures [27].

Wall-bounded small-scale testing of tall buildings conventionally operates within
the Reynolds number range of Re ≈ 5–6 × 104 [93]. The current investigation, however,
conducted aerodynamic testing at a markedly amplified Reynolds number of Re ≈ 1 × 106,
signifying a substantial departure from conventional wind tunnel practice. The intricate
mechanisms underlying real-world structural damage are multifold. As the findings
corroborate, upper-floor cladding sustains damage due to the imposition of heightened
wind loads. The elevated peak pressures experienced towards the uppermost reaches of
the structure align harmoniously with empirical observations of wind-induced damage to
cladding elements and components (Figure 13a,b).
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Figure 13. Repercussions of high-intensity winds on cladding and glass facades of tall structures.
Notably, a majority of the structural impairment manifests at elevated altitudes: (a) showcases wind-
induced damage on the Colonial Bank building in Miami after Hurricane Wilma (modified from [94]);
(b) displays windows of a high-rise office building adversely affected by Hurricane Wilma in Miami,
Florida, USA (adapted from [95]); and (c) exhibits the windows of Capitol One Tower post Hurricane
Laura’s impact in Lake Charles, Louisiana, USA (adapted from [33]).
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Conversely, damage to the lower-floor glass elements can be attributed to projectile
debris and other complicated flow separations in the wake of a low-rise building adja-
cent to the primary tower (Figure 13c). Hurricane Katrina served as a poignant reminder
that the primary causes for glass and cladding damage are the confluence of high wind
velocities and airborne debris coursing through the urban canyon formed by windward
structures [96]. A profusion of gravel, glass fragments, pitted glass surfaces, and sundry
debris found both in and affixed to the buildings lend substantial credence to the conjecture
that wind-borne debris is the primary cause of damage to glass and cladding. The phe-
nomenon of falling glass, propelled along a downward trajectory, precipitates a cascading
effect wherein it causes damage to the glass at lower levels, engendering a compounding
impact on the windowpanes below [96].

The outcomes presented in this paper affirms the author’s conjecture that wall-
bounded wind testing may underestimate critical loads, leading to cladding failure in
tall structures. Furthermore, the data supplements the author’s prior observations, indicat-
ing that large-scale open-jet testing of low-rise buildings yields higher pressures in contrast
to conventional small-scale investigations. In aggregate, these findings underscore the piv-
otal role of large-scale open-jet testing as a crucial tool in designing robust structures, both
low- and high-rise, capable of withstanding windstorms amidst climate change. The LSU
WISE open-jet facility is poised to offer pivotal insights for the decision-making processes
of architects, engineers, and policy-makers endeavouring to fortify the resilience of built
environments and critical infrastructure in the face of escalating climatic risks.

8. Future Research on Solar Energy Systems
8.1. Harmonizing Photovoltaic Panels with Architectural Aesthetics

Integrating PV panels into building designs poses aesthetic challenges that should be
resolved to maintain overall visual harmony. PV panels should be incorporated into the
initial design phase rather than added as an afterthought [97–100]. Architects and builders
should carefully consider panel size, shape, and colour to ensure seamless integration [101].
This can be complex, particularly for traditional rectangular panels that may be challenging
to customize by size and have limited colour options. Traditional panels can sometimes
stand out and detract from the building’s appearance. PV panels can be costly, and
buildings often incur additional construction and roof integration expenses, potentially
doubling overall costs. However, PV installations reduces a building’s carbon footprint,
generate clean energy, and may enhance its architectural allure. Because of their benefits,
solar panels have become an integral feature in architectural projects as the demand for
sustainable and visually appealing structures grows, and architects and builders can create
designs that seamlessly blend functionality with visual appeal.

8.2. Building-Integrated Photovoltaics (BIPV)

Building-integrated photovoltaics (BIPV) constitute an intelligent energy production
system where PV panels are seamlessly integrated into various building elements, such as
the roof, windows, and facades [102–105]. Generally, BIPV systems exhibit lower efficiency
than conventional solar panels [106]. The lower efficiency is attributed to their purposeful
integration with the building’s architecture, which may restrict panel size and orientation.
Nevertheless, BIPV systems still yield a substantial energy output, and their efficiency
can be enhanced through careful design and placement. Given their integrated nature,
BIPV systems necessitate careful consideration during the design phase, as they cannot be
easily replaced or altered. It is imperative to strategically position and design the panels
to maximize energy generation potential over the building’s lifespan. Additionally, this
optimization process can reduce BIPV systems’ payback period, enhancing their long-term
cost-effectiveness [107–111].

Cost-related challenges in implementing BIPV systems on low-rise buildings are
multifaceted. Firstly, the initial investment for BIPV systems tends to surpass that of
conventional solar panels, potentially rendering them economically less feasible for such
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structures [112,113]. This higher upfront cost is primarily attributed to the need for cus-
tomized integration, ensuring seamless alignment with the building’s architectural design.
However, strategic approaches can be adopted to bolster the economic viability of BIPV.
One pivotal tactic involves optimizing the design of BIPV systems, thereby enhancing
their energy generation potential. Considerations such as selecting optimal orientation,
tilt angle, and panel dimensions to maximize energy yield are essential considerations.
Concurrently, cost-effective installation methods can be implemented, employing prefab-
ricated panels and streamlining the installation process. This step not only curtails the
installation expenses but also contributes to balancing the higher initial cost associated
with BIPV systems. Governmental intervention in the form of incentives and subsidies
have proven instrumental in encouraging BIPV adoption in low-rise buildings [114]. These
measures, encompassing tax credits, rebates, and grants, defray the initial investment and
ultimately render BIPV systems a more financially prudent choice.

The durability and longevity of BIPV systems stand as paramount concerns due to
their integral role in a building’s design, rendering them not easily replaceable or modifi-
able. Several factors influence the lifespan of BIPV systems. Firstly, manufacturing quality
plays a pivotal role; employing high-grade materials in their construction enhances re-
silience to adverse weather conditions and prolongs their functional lifespan [113]. Equally
significant is the quality of installation, as subpar execution can result in leaks, potentially
causing damage to the panels and diminishing their longevity. Regular maintenance consti-
tutes another vital aspect, encompassing panel cleaning, damage inspections, and timely
repairs to ensure sustained functionality. Environmental variables, including temperature,
humidity, and UV radiation, influence BIPV systems’ longevity [115,116]. Exposure to
extreme weather conditions can expedite panel degradation, reducing their lifespan. In
order to maximize energy generation potential and minimize the need for replacement or
repair, it is imperative to guarantee the durability and longevity of BIPV systems. While
these systems generally have a 20- to 30-year guarantee [117], their operational lifespan can
be extended through top-tier materials, careful installation and maintenance, and shielding
against harsh environmental conditions.

Local building codes and permitting requirements are pivotal in overseeing the instal-
lation, operation, and upkeep of BIPV systems, ensuring their adherence to safety standards
and legal authorization for building integration [118]. Factors influencing BIPV installation
encompass jurisdiction-specific building codes and regulations, necessitating compliance
and acquisition of requisite permits before commencement [119]. Additionally, codes may
mandate secure and accessible pathways for system maintenance and repair [120]. Further-
more, structural integrity is imperative, with codes stipulating robust anchoring of BIPV
systems and design criteria for roof components to support photovoltaic loads [121].

Shading and obstructions pose considerable challenges to the efficiency of BIPV sys-
tems [122]. When a portion of the BIPV system is shaded, it can diminish the overall output,
as shaded cells become akin to resistors, reducing system performance, a phenomenon
known as the “Christmas light effect” [122]. Additionally, obstructions like trees, buildings,
or other structures can exacerbate shading issues, compromising BIPV system efficiency.
Several strategies can be implemented to address these challenges. Optimizing the BIPV
system design can minimize shading and obstructions by carefully selecting the panels’
location, orientation, and tilt angle and incorporating bypass diodes [123]. Regular mon-
itoring using sensors or software to detect changes in system output due to shading or
obstructions is another approach to enhance efficiency. Additionally, routine maintenance
can keep panels clean and free from debris, thus averting potential shading issues and
identifying and rectifying any system damage or defects [124].

9. LSU WISE Open-Jet Testing Vision: Revolutionizing Wind Engineering

The LSU WISE open-jet testing, a pioneering approach in wind engineering, promises
a paradigm shift in structural resilience and design [63]. The facility represents a Mid-Scale
Research Infrastructure to address grand challenges and the need for experimental research
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capabilities in the mid-scale range. This section explores the profound implications of this
technology across diverse applications (see Figure 14).
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9.1. Optimizing Urban Planning and Green Spaces

Urban environments are increasingly facing the challenges of population growth, ur-
banization, and the need for sustainable development. The design and layout of cities pro-
foundly impact the well-being of inhabitants and the overall functionality of urban spaces.

One of the primary challenges in urban planning is mitigating the effects of wind
on structures, pedestrians, and green spaces. High winds can create uncomfortable and
potentially hazardous conditions, limiting the use of parks and outdoor spaces [125]. Ad-
ditionally, inadequate planning can lead to inefficient energy usage in buildings due to
wind-induced pressure differentials [126]. Open-jet testing provides a powerful tool to
simulate wind conditions within urban environments accurately. Subjecting models of city
layouts to controlled wind flow enables the identification of high-wind areas and the opti-
mization of green spaces and building placements. Wind testing can help identify the most
effective building shapes and orientations for maximizing natural ventilation [127,128].
This enhances cities’ liveability and supports energy-efficient architectural designs [129,130].
Integrating wind flow and pressure data, as well as aerodynamic loads obtained from the
open-jet testing facility with advanced data science techniques can improve the understand-
ing of wind behavior and its impact on various structures, to assist with Harnessing the
Data Revolution for 21st Century Science and Engineering (HDR).
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9.2. Innovations in Architectural Façade Design

Architectural facades are a critical element of building design, influencing aesthet-
ics, energy efficiency, and structural integrity [131]. The design of facades has evolved
significantly with advancements in materials and construction techniques [132].

Innovations in architectural design are often hindered by the need to balance aesthetics
with practical considerations [133]. Facades must be visually appealing and provide
insulation, structural support, and protection against environmental factors such as wind,
rain, and temperature fluctuations [134,135].

Open-jet testing offers a dynamic approach to assessing large-scale architectural fa-
cades under high Reynolds numbers and complete turbulence. Researchers can evaluate
how different designs respond to varying windstorms by subjecting scale models to con-
trolled conditions. This allows for the refinement of facade systems to enhance their
aesthetic appeal and performance, and, hence, open-jet testing can lead to the development
of more resilient facade materials and configurations, ensuring that buildings can withstand
extreme weather events.

9.3. Revolutionizing Offshore Wind Energy

Offshore wind energy represents a critical component of the transition to renewable
energy sources [136,137]. Offshore wind farms harness the vast energy potential of the
open sea, providing a sustainable alternative to traditional fossil fuels [138].

Designing and deploying offshore wind energy platforms is complex [139]. These
structures must withstand harsh marine conditions, including high winds, waves, and
corrosive saltwater [140,141]. Ensuring these platforms’ stability and longevity is essential
for offshore wind energy’s viability.

Open-jet testing plays a pivotal role in advancing offshore wind energy technology.
Researchers can assess their structural integrity and dynamic response by subjecting scale
models of wind energy platforms to physical wind flow and simulated surge and waves
(hardware in the loop [142]). This enables the refinement of designs to withstand the chal-
lenging marine environment, as open-jet testing can facilitate the optimization of platform
configurations for maximum energy extraction, contributing to the overall efficiency of
offshore wind farms. Besides, employing the facility’s capabilities to study the impact of
high-speed winds on Arctic infrastructure, such as energy platforms and buildings, can
enhance their resilience in the face of changing Arctic (Navigating the New Arctic (NNA)).

9.4. Advancing Aerospace and Aviation Safety

Aerospace and aviation industries are at the forefront of technological innovation,
constantly striving for enhanced safety, efficiency, and performance in aircraft design and
operation [143]. Aerospace engineers face the formidable task of designing aircraft that
can navigate various environmental conditions, including turbulent winds, sudden gusts,
and other aerodynamic challenges [144]. Ensuring the safety of passengers and crew is
paramount, requiring careful design and testing processes [145].

Open-jet testing represents a transformative tool for aerospace and aviation safety.
Researchers can simulate real-world flight conditions by subjecting scale models of aircraft
to controlled wind flows. This allows for a comprehensive evaluation of aerodynamic
performance, stability, and response to various wind scenarios. The insights gained from
open-jet testing can directly contribute to the refinement of aircraft designs, leading to
enhanced safety measures that support the development of innovative wing profiles and
control systems that optimize performance under dynamic wind conditions. Furthermore,
open-jet testing can aid in validating the advanced computational models used in aerospace
simulations, to ensure that computational predictions align with empirical data, bolstering
confidence in virtual testing procedures. By leveraging the potential of open-jet testing,
the aerospace and aviation industries can continue to push boundaries in safety and
performance, ultimately leading to safer and more efficient air travel.
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9.5. Bridging the Gap in Wind–Structure Interaction Research

The interaction between wind forces and structures is a fundamental aspect of engi-
neering [146,147]. Understanding and accurately predicting this interaction is crucial for
designing resilient buildings, bridges, wind turbines, power transmission lines, and other
types of critical infrastructure [148].

The dynamic nature of wind makes it a formidable force that structures must contend
with [149,150]. Variations in wind speed, direction, and turbulence levels can exert substan-
tial forces on flexible structures [151]. Predicting and mitigating these effects is essential for
ensuring structural integrity and safety.

Open-jet testing represents a ground-breaking approach to studying wind–structure
interaction. Researchers can replicate real-world conditions by subjecting models to con-
trolled wind flows and precisely measuring the forces exerted on structures. This methodol-
ogy enables the investigation of how different design elements and configurations influence
wind-induced loads. It provides critical data for optimizing structural designs, including
shape, materials, and reinforcement. Open-jet testing allows for studying complex sce-
narios such as vortex shedding and resonance phenomena, which can have significant
implications for structural stability. The insights gained from open-jet testing under re-
alistic wind flows at higher Reynolds numbers have the potential to revolutionize wind
engineering practices, leading to more robust and resilient infrastructure. By bridging the
gap in wind–structure interaction research through advanced open-jet testing, engineers
can design structures that meet safety standards and withstand the challenges posed by
dynamic environmental conditions. The facility’s wind testing capabilities can be lever-
aged to study the impact of wind forces on nature-based solutions for living organisms
and ecosystems, contributing to the understanding of the rules governing the interaction
between wind and life (Understanding the Rules of Life).

9.6. Empowering Sustainable Infrastructure Development

Sustainable infrastructure is at the forefront of global efforts to combat climate change
and promote environmental stewardship [152,153]. It encompasses designing and construct-
ing resilient, low-impact structures that harmonise with the natural environment [154,155].

The challenges in sustainable infrastructure development are multi-faceted [156].
These include the need for structures to withstand increasingly severe weather events, re-
duce their energy consumption, and minimize their environmental impact [157]. Achieving
these goals requires innovative approaches and technologies.

Open-jet testing emerges as a linchpin in the quest for sustainable infrastructure. By
subjecting scale models to realistic wind conditions, researchers can evaluate the perfor-
mance of sustainable design features, such as green roofs, wind turbines, energy-efficient
building materials, and nature-based solutions for coastal restoration. This methodology
provides critical data on how these elements interact with wind forces, allowing for the
refinement and optimization of sustainable design strategies. For instance, open-jet testing
can inform the placement and orientation of renewable energy systems to maximize their
efficiency and resilience to wind loads. Furthermore, open-jet testing contributes to devel-
oping materials and construction techniques that enhance infrastructure’s durability and
environmental compatibility. This includes advances in eco-friendly building materials and
techniques for minimizing the environmental footprint of construction projects. Research
at the open-jet facility can contribute to the design of new technologies that improve the
safety and performance of buildings, aviation, and other types of infrastructure under
extreme wind conditions, thereby enhancing the human-technology relationship in the
context of wind engineering, to meet the Future of Work at the Human-Technology Frontier
(FW-HTF) challenge.
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9.7. Fostering Interdisciplinary Research Collaborations

Interdisciplinary collaboration lies at the heart of innovation and progress in engineer-
ing and related fields [158]. It brings together experts from various disciplines to tackle
complex challenges and develop holistic solutions [159,160].

Traditionally, engineering disciplines have operated within their silos, limiting the
exchange of knowledge and hindering the development of comprehensive solutions. Many
complex challenges, such as climate change mitigation and sustainable infrastructure,
require a multidisciplinary approach [161–163].

Open-jet testing serves as a catalyst for fostering interdisciplinary research collabora-
tions. Its versatile application spans engineering disciplines, architecture, environmental
science, and beyond. Researchers from diverse backgrounds can leverage open-jet testing
to study complex interactions between wind forces and structures, gaining insights that
inform their respective fields. For example, architects can work alongside engineers to
optimize building designs, while environmental scientists can assess the impact of wind on
natural ecosystems. Additionally, interdisciplinary research collaborations facilitated by
open-jet testing have the potential to drive innovation in education, as students are exposed
to a broader range of expertise and perspectives. The integration of open-jet testing into
interdisciplinary research endeavours heralds a new era of holistic problem-solving, where
the collective intelligence of experts from diverse fields converges to address some of the
most pressing challenges of our time.

The LSU WISE open-jet facility’s unique capabilities, including complete turbulence
at high Reynolds numbers, hold immense promise for revolutionizing the field of wind
engineering and creating more resilient and sustainable built environments. Its potential
applications span critical infrastructure such as low- and high-rise buildings, bridges, so-
lar panels, wind turbines, nature-based solutions for coastal restoration and protection,
offshore structures, and more, promising significant economic, societal, and educational
impacts in science, technology, engineering, and mathematics (STEM) fields. It offers
substantial educational benefits for K-12, undergraduate, and graduate students at a pre-
eminent state university, distinguished as a land-, sea-, and space-grant institution. This
initiative is poised to broadly influence wind/structural engineering research and educa-
tion, fostering feasible investments within the infrastructure sector. Ultimately, this will
culminate in establishing more robust and sustainable communities, promoting economic
advancement, addressing grand challenges, and elevating the overall quality of life.

10. Conclusions

Addressing the challenge of accurately reproducing wind effects on buildings, par-
ticularly in wall-bounded and small-scale scenarios, hinges on overcoming turbulence
modelling limitations, especially in replicating the low-frequency segment of the velocity
spectrum. Recent advancements in aerodynamic testing, particularly the adoption of tech-
niques like open-jet testing, present a promising solution. Notably, exploring larger models
at higher Reynolds numbers in open-jet testing has been instrumental in addressing scaling
concerns. However, turbulence is fundamental for the understanding of aerodynamics, as
well as for optimizing the performance of various systems.

The LSU WISE open-jet facility distinguishes itself from traditional wall-bounded
wind tunnels and other wind testing facilities. It enables the production of complete
turbulence at a large scale, eliminating the need for post-processing to rectify turbulence
deficiencies observed in partial turbulence simulation methods [51]. This discovery holds
significant implications in wind engineering and unsteady aerodynamics.

Post-analysis of severe wind event damage has demonstrated a significant reduction
in damage for roofs equipped with solar panels. Integrating solar panels with gable-roofed
buildings may not require additional structural reinforcement. The overall main force-
resisting system experienced reductions in wind uplift forces ranging from 45 to 63%,
contingent on configuration and wind direction angle. Considering panel size, shape, and
colour from the initial design phase is crucial when incorporating PV solar panels into



Appl. Sci. 2023, 13, 12546 26 of 32

building designs. This ensures seamless integration with the building’s exterior, enhancing
architectural appeal while reducing the building’s carbon footprint.

While building-integrated photovoltaics (BIPV) may entail higher upfront costs, they
offer distinct advantages, including design flexibility and aesthetic appeal. Strategic inter-
ventions such as design optimization, cost-effective installation methods, and governmental
incentives can bolster the economic viability of BIPV systems.

Contrary to the longstanding belief that wind loads on structures with sharp corners
are insensitive to Reynolds numbers, the findings challenge this notion. Open-jet testing
produced higher peak pressures than small-scale, wall-bounded wind tests, providing
real-world justification for actual damage in high-rise buildings due to high pressures on
cladding. These results validate the author’s hypothesis regarding the potential under-
estimation of peak loads, leading to cladding failures in high-rise buildings. They also
reinforce earlier findings, underscoring the superiority of large-scale open-jet testing over
conventional wind tunnel assessments.

The LSU WISE open-jet facility’s unique capabilities, including complete turbulence
at high Reynolds numbers, hold immense promise for revolutionizing the field of wind
engineering and creating more resilient and sustainable built environments. Its potential
applications span critical infrastructure such as low- and high-rise buildings, bridges,
solar panels, wind turbines, nature-based solutions for coastal restoration and protection,
and more, promising significant economic, societal, and educational impacts in science,
technology, engineering, and mathematics (STEM) fields.
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