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Abstract
We experimentally investigated the turbulent flow in a water channel developing past a two-dimensional array of
photovoltaic panels, with varying incidence angle and spacing. Particle image velocimetry revealed two distinct
regimes, depending on the incidence angle, while the dependence on inter-panel spacing was weaker. Positive
incidence angles produce high turbulence and intense transport above the panels, with strong mixing between the
canopy and the external flow. Conversely, negative incidence angles yield a skimming flow with large recirculation
vortices that dominate the canopy layer. Vertical profiles, ventilation rates and turbulent statistics indicate that even
a modest positive incidence significantly enhances ventilation and scalar transport, whereas they are substantially
lower in the case of negative incidence. A Lagrangian analysis using synthetic passive particles allowed the estima-
tion of the residence times and turbulent dispersion coefficients. The latter were more than an order of magnitude
larger for positive than for negative incidence. The results demonstrate how panel configuration changes mixing
and dispersion processes, providing a fluid mechanics basis for refined microclimate models useful for guiding the
design of advanced photovoltaic farms.

Impact Statement
The growing installation of large-scale photovoltaic farms in rural landscapes calls for a better understanding
of the fluid dynamics processes at play. Large-scale farms alter the local microclimate and near-ground turbu-
lence, yet design tools still treat convective and scalar exchange with approximated laws based on simplified
arguments. We report controlled water-channel experiments of turbulent flow past idealised arrays of photo-
voltaic panels, varying tilt and inter-row spacing typical of photovoltaic and agrivoltaic layouts, quantified
with time-resolved image velocimetry. Two regimes emerge: positive incidence induces energetic, highly tur-
bulent, shear layers and coherent transport over the panels, greatly increasing dispersion. Conversely, negative
incidence yields a skimming-flow state with canyon-like recirculation with weak turbulence penetration, low
exchange and longer tracer residence times. This work aims to inspire improved parameterisations for fluid
dynamics models and give insight into the effect of panel orientation and spacing to manage microclimate and
transport.

1. Introduction
The rapid expansion of photovoltaic farms in rural landscapes, driven by the global transition to renew-
able energy, presents fluid mechanical challenges as far as it affects local microclimate and agricultural
production (Glick et al. 2020a). Photovoltaic panels are usually arranged in parallel rows of rectangular
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panels, which may rotate along one or two axes to track the sun, with the one-axis configuration being
the most common choice as the best compromise between cost and productivity (Huld et al. 2010).
This layout creates a repetitive quasi-two-dimensional canopy of parallel rectangular thin panels, which
affects the near-ground airflow and influences the large-scale structures of the atmospheric boundary
layer. Consisting of a series of periodic obstacles, photovoltaic farms have geometrical features in com-
mon with the widely investigated urban canyons (Di Bernardino et al. 2015; Oke 1988). The turbulence
promoted by the photovoltaic canopy alters the exchanges of heat, moisture and momentum between the
soil and the atmosphere, which are critical for defining the microclimatic conditions, in turn crucial for
crop development (Britter & Hanna 2003).

As in urban environments, the presence of the panels alters the heat balance at the ground (Barron-
Gafford et al. 2016). In recent years, photovoltaic plants have evolved from their traditional design, which
focuses on maximising energy production, to agrivoltaic systems that promote a synergistic relationship
between energy and agricultural production. While in the first case, panels cover almost the entire avail-
able area, preventing any other use of the soil, in the second case, the panels are arranged to allow agri-
cultural production underneath them (Dinesh & Pearce 2016; Dupraz et al. 2011). To grant an effective
agricultural development underneath the panels, it is important to evaluate local heat transfer, evapo-
transpiration rates and vertical moisture transport, ultimately influencing the microclimate, hydrological
balance, and eventually the crop growth. These processes are all driven by turbulent fluxes within the
atmospheric boundary layer. Therefore, understanding the fluid mechanics induced by photovoltaic farm
layouts is essential for evaluating their environmental impact and for guiding sustainable deployment
through robust engineering frameworks. Since photovoltaic panels’ efficiency depends on their temper-
ature, most of the previous research has focused on performing integral energy balances between the
panels, the ground and the surrounding air, while accounting for solar radiation (Heusinger et al. 2020;
Li et al. 2024). However, employed convective heat transfer models remain approximate (Vigiak et al.
2003): although they reasonably capture the order of magnitude of heat exchange with the air, they do
not account for the effects of panel inclination and inter-row spacing, i.e., geometrical factors that drive
turbulence structure in canopy flow scalar exchanges (Fellini et al. 2020, 2021; Fernando et al. 2001).

Improving current models and reducing the need for empirical calibration requires a strong fluid
mechanical foundation. Flow past a series of idealised obstacles in the urban environment (Husain et al.
2013; Song & Wang 2015; Soulhac et al. 2011) has been investigated in different configurations, includ-
ing both two-dimensional, such as arrays of aligned prisms orthogonal to the flow (Badas et al. 2017; Di
Bernardino et al. 2015; Garau et al. 2018), and three-dimensional arrays of cubic or prismatic obstacles
(Di Bernardino et al. 2020a; MacDonald et al. 1997). Systematic studies of idealised, periodic urban
canyons have allowed researchers to explore the effects of roughness aspect ratio, roof geometry and
spacing on mean-flow structure and turbulent exchange processes (Bentham & Britter 2003; Macdonald
et al. 1998; Reynolds & Castro 2008; Simón-Moral et al. 2014). As a rule of thumb, depending on build-
ing height, width and inter-building spacing, three canonical flow regimes are generally observed (Ngan
& Lo 2016; Oke 1988), each driving different mixing and ventilation processes. Densely packed configu-
rations produce skimming flow, where one or more recirculation regions develop within the canyon, and
ventilation remains weak. At intermediate spacings, wake interference occurs, as the wakes of succes-
sive buildings interact, generating high unsteadiness and turbulence within the canyon. For sufficiently
large spacings, an isolated roughness flow regime develops, with large wake structures that dissipate
before reaching downstream obstacles. These flow regimes strongly affect the transport of pollutants or
temperature, among others. Studies of idealised urban canyons have thus been crucial for identifying the
physical mechanisms governing ventilation, heat transfer and scalar dispersion. Photovoltaic roughness
elements, however, are typically smaller and differ from urban buildings because they are not sealed at
the bottom, allowing a flow between adjacent canyons. Furthermore, panels are thin plates rather than
bluff bodies such as buildings. Therefore, the fluid–structure interaction is the one typical of airfoils, and
the incidence angle significantly affects the flow (Glick et al. 2020a), also at small angles. Experimental
and numerical studies have focused on two-dimensional photovoltaic canopies. Glick et al. (2020a)
proposed a simplified classification of three flow regimes: at large negative incidence (we define the
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incidence angle as positive when the incoming flow impacts the lower panel surface, and vice versa,
according to the airfoil convention) large recirculation regions develop within the canopy; at low inci-
dence, two streams of different velocities develop above and below the panels; at large positive incidence,
turbulence is concentrated over the upper panel surfaces, promoting turbulent fluxes and ventilation.

Experiments demonstrated a marked increase in the heat transfer coefficient for large positive inci-
dence (Glick et al. 2020a, b). Smith et al. (2022) observed that increasing panel height enhances the heat
transfer coefficient. However, their experimental set-up did not allow the investigation of large regions
around the panels. Stanislawski et al. (2022), using large-eddy simulations with a single incidence,
showed that larger inter-panel distances enhance the overall cooling of the panels. While previous stud-
ies have mainly addressed the panel thermal performances (Glick et al. 2020a, b; Smith et al. 2022),
the flow spatial organisation within and immediately above the panels remains largely unexplored. This
is crucial since, in agrivoltaics, there is no universal optimum corresponding to either maximising or
minimising ventilation and scalar exchange, with the desirable regime depending on a wide range of
factors, such as meteorological conditions, crop type and management objectives (Barron-Gafford et al.
2016; Dupraz et al. 2011).

The present study focuses on the inter-panel velocity field spatial structure and on the vertical
exchange across the canopy top, mechanisms that are directly relevant to the control of agrivoltaic
microclimate. We investigate the complete velocity field around the panels at high spatial and temporal
resolution for a wide range of configurations, which can serve to shed new light on the mechanisms
driving turbulence and scalar mixing in the photovoltaic canopy. To achieve this, we used transparent
model panels allowing full particle image velocimetry (PIV) beneath and around the panels. We varied
both the spacing and pitch of the panels. The present experiments are restricted to neutral conditions
and do not include buoyancy effects. This choice is intended to isolate the mechanically driven transport
mechanisms and provide a controlled reference case before introducing thermal coupling (Zhao et al.
2020), which in turn may quantitatively modify the scenario, especially under strong radiation and weak
wind conditions, without altering the overall picture (Mouzourides et al. 2022; Zhao et al. 2021).

The paper is organised as follows. Section 2 describes the experimental apparatus and methodology.
Section 3 examines the mean-flow structures that develop in the canyon as a function of panel incidence
and spacing. Section 4 quantifies turbulent statistics and the mean exchange rates across the canopy.
Eventually, Section 5 investigates passive tracer transport through the instantaneous flow of synthetic
particles across and above the canopy, relating the resulting dispersion to both mean and turbulent flow
properties.

2. Methods: experimental set-up
The experimental apparatus is sketched in figure 1. Laboratory experiments were performed in a water
channel 8.00 m in length, Ly = 0.40 m in width, with a water depth of Hw = 0.50 m, already employed for
urban canyon studies (Garau et al. 2018). A constant flow rate was imposed by a closed loop, and water
depth was tuned by means of a sharp-crested weir downstream of the channel. A 0.10 m-thick honey-
comb acted as a flow straightener at the inlet of the channel. It was followed by irregularly distributed
pebbles (≈5 mm in diameter) along 2 m of the bottom of the channel to promote the development of a
fully turbulent boundary layer upstream of the array of panels (Badas et al. 2020). The model farm con-
sisted of an array of 20 equidistant and transparent polycarbonate rectangular panels, 1.5 mm thick and
L = 30.0 mm wide, spanning the whole channel width. To minimise undesired light diffusion, the panels
were painted black except in the vicinity of the mid-section of the channel, where they were transparent,
to allow the whole area around the panels to be illuminated. Furthermore, they were glued to steel shafts
(≈2 mm in diameter), hinged at their lateral ends at a height h= 25 mm. Set screws allowed the panels’
pitch to be locked at the prescribed angle. We denote the streamwise and vertical directions by x and z,
respectively, with their origin at the ground in the middle of the space between the two panels delimit-
ing the investigated periodic unit. The uniform panel orientation was guaranteed via specific templates,
removed after locking the screw before the experiment. With the flow from left to right, the panel tilt
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(a) (b)

(c)

Figure 1. (a) Horizontal incoming mean velocity profile along the centreline, in inner variables: exper-
iments with uncertainty (red dots) and logarithmic fit in the region 100 < z+ < 300 (black line). The
uncertainty bar width is two standard deviations. (b) Sketch of a periodic unit of the canopy framed in
grey with its geometrical parameters. (c) Water channel with elements of the experimental apparatus.

angle, α, is defined as positive when rotation is clockwise, and negative when rotation is counterclock-
wise. We considered two spacing distances d between the panels, yielding inter-panel aspect ratios of
AR = d/L = 5/3 ≈ 1.67 and AR= 10/3 ≈ 3.33. The first mimics a classical photovoltaic farm with packed
panels (dense configuration), whereas the second mimics an agrivoltaic farm with a larger distance to
allow for agricultural activities (sparse configuration).

In the present geometry, the canopy height Hc = h + L/2 sin(α) is approximately 30 mm. The log-
arithmic fit of the incoming boundary-layer profile in figure 1a was performed in inner variables, i.e.,
U+ = ln(z+)/κ + B (with U+ = U/u∗ ,U the streamwise velocity, κ = 0.41, z+= z u∗/ν, and B an additive
constant), at each streamwise location over the range 100 < z+ < 300, i.e., where the log law is typi-
cally assumed to be valid. The analysis yields u∗ = 11.4 ± 0.4 mm s−1, where the uncertainty denotes the
standard deviation across streamwise locations. The corresponding roughness length, evaluated through
z0 = (ν/u∗) exp(−κB), is z0 = 20× 10-3 ± 5× 10-3 mm, i.e., z0 ≈ 10−3 Hc, in line with previous studies
(Badas et al. 2020). The difference between data and logarithmic fit remains within 2.5% within the
whole investigated height range (z+ < 1300). Furthermore, the ratios between canopy height and chan-
nel length scales Hc/Hw ≈ 0.06 and Hc/Ly ≈ 0.075 are comparable to previous water-channel studies of
two-dimensional obstacle arrays, suggesting that blockage effects in the investigated region are limited.
Based on figure 1a, the incoming inner boundary-layer thickness is approximately δ ≈ 0.1 m, so that
Hc ≈ 0.3δ. Therefore the canopy is fully embedded within the incoming boundary layer, and the mea-
surement focus is on the roughness-sublayer region (Di Bernardino et al. 2015). These fluid dynamic
and geometrical conditions are in line with other previous studies (Badas et al. 2020; Di Bernardino
et al. 2015; Garau et al. 2018).

We exploited the geometrical symmetry of the system, analysing the flow in the vertical channel
mid-plane (x–z) (Badas et al. 2020). Non-buoyant particles (pine pollen) dispersed in water were illumi-
nated on the measuring plane by a 2 mm-thick light sheet, generated by a diode laser and projected from
above through a transparent optically rectified glass carefully placed just at the water surface above the
investigation region. The plate was 1.5 m long, equipped with a smooth leading edge and carefully held
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aligned with the free surface, so as not to generate disturbances in the subcritical flume either upstream
or downstream. Consequently, in the measurement region, the depth was constant, and the flow above
the canopy was not open channel. A high-speed camera (2240× 1740 pixels in resolution), placed
perpendicular to the interrogation area, recorded 330 frames per second on a SSD disk array without
compression. Following previous water-channel studies of periodic two-dimensional obstacle arrays,
the measurement region was located at the 17th periodic unit, allowing the boundary layer and the
canopy-top shear layer to fully develop over the sixteen upstream panels, as observed in similar canopy
flows, see e.g. Badas et al. (2020). Images were analysed via a feature-tracking velocimetry technique.
Seeding particles were identified via the Harris corner detection algorithm. Displacements between
successive frames were computed by comparison of interrogation windows (17× 17 pixels) and by min-
imising the dissimilarity measured by a Lorentzian estimator (Besalduch et al. 2013). Particle velocities
were obtained by dividing the displacements by the corresponding interframe time interval. Velocities
were made non-dimensional with the average free-stream velocity, U ≈ 0.24 m s−1, of each experiment.
The Reynolds number based on the panel length, L, Re =UL/ν, is approximately 7,000 (ν = 10−6 m2 s−1

indicates the kinematic viscosity of the water). Conversely, using the incoming mean velocity at
canopy height, U(Hc), we obtain ReHc= UHc/ν ≈ 7,000, while the friction Reynolds number is Reτ =
u∗Hc/ν ≈ 342. These values place the flow in a turbulent regime typically considered for experimental
water-channel studies in urban-canopy flows, where Reynolds number effects have been reported to be
small enough so that the main flow features are captured (Badas et al. 2020; Britter & Hanna 2003; Di
Bernardino et al. 2015, 2020a; Uehara et al. 2003). Furthermore, Uehara et al. (2003) proposed also to
verify that the region in which z+ < 20 was limited, in our case, z < 1.8 mm ≈ 0.1Hc . We then evaluated
the mean velocity field and the turbulence statistics by averaging instantaneous sparse velocity samples
obtained from 10,000 velocity fields, corresponding to approximately 30 s, i.e. approximately 240
advective time scales (L/U), on a 97× 131 regular grid. Convergence of second-order statistics was
checked by comparing turbulent kinetic energy (TKE) and Reynolds-stress profiles obtained from
progressively increasing subsets of the ensemble. The profiles were found to be stable for the full set of
10 000 fields, with residual statistical non-dimensional uncertainty below 10−3 in all of the cases.

3. Mean-flow general structure
Figure 2 shows the streamlines and magnitude of the mean velocity field for the dense array of pan-
els (AR= 5/3). We begin with the positive incidence cases. At a small incidence (α = 20◦, figure 2a),
the velocity field shows the typical characteristics of the flow around a flat plate (Smith et al. 2021).
The streamlines follow the panel, with a small recirculation on the upper surface, close to the lead-
ing edge (denoted as a in figure 2). The flow is accelerated in the convergent space between the panel
and the ground, reaching its highest velocity where the gap is the narrowest (so-called vena contracta).
Downstream of it, the flow decelerates and deflects upwards to impinge on the lower surface of the fol-
lowing panel, close to the leading edge, as is typical of the flow around flat airfoils. Subsequently, an
intense, continuous streamwise flow also develops below the panels. At the vena contracta, velocities
comparable to the external flow are reached. At higher incidence angles (α = 40◦ and 55◦, figures 2c
and 2e), two additional vortical structures appear. The first, labelled b, develops at the trailing edge as
the flow separates from the panel. The second, labelled c, is located downstream of the vena contracta,
where the flow decelerates and is redirected upwards. This adverse-pressure-gradient region is strong
enough to trigger separation from the ground. Above that structure, high-velocity fluid from the upper
flow is redirected toward the lower surface of the downwind panel. The lower surface is therefore exposed
to larger velocities compared with the upper surface, which may enhance advective heat exchange. The
vortex a is still present and increases in size. In summary, at α = 20◦, two intense continuous streams
develop both above and below the panels. Conversely, at α = 40◦ and α = 55◦, the inter-panel regions
are dominated by recirculating structures, suggesting lower ventilation in the canopy layer.

We now focus on figures 2b, 2d and 2f, where the incidence is negative. Overall, low-velocity recircu-
lations dominate close to the ground. Regardless of the tilt angle, the flow topologies are rather different
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(a) (b) |u̅|/U

(c) (d) |u̅|/U

(e) (f) |u̅|/U

Figure 2. Dense case (AR= 5/3): streamlines of the mean velocity field overlaid with colour maps of
the mean velocity magnitude, for (a, c, e) positive and (b, d, f) negative incidence.

from those in the positive incidence case. Specifically, two main vortical structures dominate: the first
is a clockwise recirculating vortex (denoted as d) generated by the separation at the trailing edge of the
panel, in the upper part of the canyon; the second vortex (denoted as e) is a counterclockwise-rotating
recirculation generated by the counter-streamwise flow developing below the panels. As the incidence
increases, the recirculating structure d grows and progressively invades the entire canyon, while the vor-
tex e weakens accordingly (figures 2d and 2f). Flow structures described in figures 2b, 2d and 2f) are
reminiscent of the skimming flow that develops in urban canyons. Specifically, for negative incidence
angles, large portions of the ground surface are exposed to counter-streamwise flow, while canyons are
dominated by recirculation structures, suggesting a weak contribution of the mean flow to the canopy
layer ventilation. However, the case α =−55◦ shows the highest velocity near the ground and panel upper
surface due to the increased strength of the vortex d, suggesting the persistence of flow asymmetry due
to the incidence angle.

Figure 3 shows the sparse panel configuration case (AR= 10/3). Overall, compared with the dense
configuration, higher velocities are observed within the canopy. For moderate positive incidence
(α = 20◦ and α = 40◦, figures 3a and 3c), the velocity field structures are similar to those observed in
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Figure 3. Large distance case (AR= 10/3): streamlines of the mean velocity field overlaid with colour
maps of the mean velocity magnitude, for (a, c, e) positive and (b, d, f) negative incidence.

figure 2a. A continuous streamwise flow develops below the panels, which accelerates through the con-
vergent gap below the panels and, again, impinges close to the leading edge of the downwind panel.
However, the recirculation at the ground developing at α = 40◦ (c in figure 3c) is smaller and velocities
through the panel–ground gaps are of the same order as the external flow. The same phenomenon is
anticipated and enhanced at the largest positive incidence, resulting in a recirculation occupying all the
space left by the vortices at the upper surface of the upwind panel. Irrespective of the tilt angle, the
recirculation region covers the entire upper surface of the panels even for α = 40◦ and α = 55◦, the sep-
aration occurs both at the leading and trailing edge, generating two counter-rotating vortices (figures 3c
and 3e). This flow structure is reminiscent of the wake interference regime observed in urban canopies
(Hunter et al. 1990). For α < 0, similarly to the dense case, the flow within the canyon is dominated by a
counterclockwise vortex (labelled as e) leeward of the panels and a clockwise vortex at the ground just
upwind of the panels (labelled as d).

The analysis of the structures dominating the velocity field is leveraged to draw insights into the con-
tribution of the mean flow to heat-exchange and transport processes occurring between the photovoltaic
canopy and the overlying external flow. Low incidence angles result in the formation of a continuous
streamwise flow under the panels, periodically accelerating and decelerating at velocity magnitudes
comparable to those of the external flow. For positive incidence angles, the flow accelerates through the
narrow gap beneath the panel and then decelerates, producing pressure recovery and upward deflection
toward the lower surface of the following panel. For negative incidence, by contrast, the lower panel sur-
face is mainly reached by fluid recirculating within the canopy, leading to weaker direct impingement
and reduced mean-flow exchange. For large positive incidence (α = 40◦ or α = 55◦), the development
of multiple recirculation bubbles induces strong vertical velocities that enhance fluid exchange across
the canopy, thereby improving photovoltaic canopy ventilation and promoting the dispersion of scalars
toward the outer flow that might otherwise be simply advected downstream near the ground. In con-
trast, large negative incidence angles (α = –40◦ or α = –55◦) lead to large recirculation regions within
the canopy, with a limited exchange with the external roughness layer, and a general structure reminis-
cent of the skimming-flow regime, associated with little exchange between the canopy and the overlying
layer (Oke 1988). This suggests a more intense advective mixing for positive than for negative incidence
angles. Eventually, it is worth noting that the resulting mean velocity fields align with two-dimensional
Reynolds Averaged Navier-Stokes (RANS) simulations of panel arrays at real scale (Ledda et al. 2024).
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Figure 4. Streamlines of the mean velocity overlaid with colour maps of the non-dimensional TKE. Left
column (a, c): dense distribution case and α = ±40◦. Right column (b, d) sparse distribution case and
α = ±55◦. Spatial coordinates are made non-dimensional by the panel length, L.

4. Mixing and transport through turbulent statistics and integral indices
We next present the mechanisms of advection by the mean flow, mixing and dispersion that result
from the interaction between photovoltaic roughness and the atmospheric boundary layer. These are
the key elements to be considered in the design of an agrivoltaic farm to optimise the microclimate for
agricultural and energy production.

4.1. Turbulent kinetic energy
The in-plane TKE, measured in the centreline vertical plane of the water channel under consideration,
is TKE = 1

2

(
u′2 + w′2

)
/U2, where the overbar denotes the time average. The TKE plays a crucial role

in dispersing scalars within and above the canopy. Figure 4 presents the TKE distributions for two large
positive and negative incidence angles at both AR values. Notably, much higher TKE values within the
canopy and roughness layers are observed when the incidence angle is positive. A closer look shows
that, for positive incidence angles, relatively high TKE values are observed on the lower panel surfaces
and in the decelerating flow downstream of the vena contracta. Conversely, for negative incidence, the
skimming-like flow allows the penetration of relatively high TKE only in the downwind portion of
the upper canyon interface, a region that linearly expands with the streamwise distance because of the
developing instability of the shear layer.

The present results highlight the role played by the panels that interact with the incoming flow as flat
airfoils actively deflecting the flow, rather than behaving as bluff bodies such as buildings or vegetation.
Therefore, the canopy-top shear-layer dynamics is deeply affected by the incidence angle. For positive
incidence angles, the interaction between the high-momentum outer flow and the low-momentum fluid
from the canopy, ejected just upstream of the leading edge of the panel, promotes turbulence production
and explains the elevated TKE observed in the overlying roughness sublayer and, in the sparse case, also
within the canopy. The high-TKE regions observed in the sparse configuration downstream of the under-
panel gap and near the lower panel surfaces are associated with flow upward deflection. For negative
incidence angles, instead, the TKE maps depict a skimming-like regime dominated by large recirculation
structures within the canopy. In this case, turbulence penetration is reduced, and high TKE remains
mainly confined to the upper downwind portion of the canopy, with reduced interaction between canopy
and outer flow.
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Figure 5. Vertical profiles of the nondimensional horizontal velocity component horizontally averaged
over the periodic unit, Um, in the (a) dense and (b) sparse cases, and non-dimensional TKE for (c) dense
and (d) sparse cases. Colour indicates the incidence angle according to the scale on the right.

4.2. Horizontally averaged vertical profiles
We now summarise the above results into vertical profiles by horizontally averaging the quantities over
a periodic unit. Figures 5a and 5b report the vertical profiles of the non-dimensional average horizontal
velocity, Um, which give an indication of both the streamwise advection driven by the mean flow and
how the panels affect the structure of the atmospheric boundary layer. For α = 20◦, a significant positive
horizontal average velocity is observed in the lower canopy layer (z < 0.5Hc), and velocities attain values
of approximately Um � 0.3 for 0.1Hc < z < 0.3Hc, independently of the panel distance. Nearly negligible
positive velocities are observed for z < 0.2Hc, in the cases α = 40◦ and α = 55◦. For negative incidence
(α =−40◦, −55◦), the velocity is negative in the lower half of the canopy, suggesting a moderate upwind
overall transport below the panels. However, at a height of approximately 0.7Hc, the average horizontal
velocity becomes positive, with a logarithmic increase. This height marks the transition between the
lower recirculating region and the overlying streamwise flow (Di Bernardino et al. 2020a).

Figures 5c and 5d show the non-dimensional TKE horizontally averaged over the periodic unit for
the dense and sparse panel cases. A positive incidence yields significantly high turbulence values that
strongly depend on the incidence itself, whilst negative incidence is associated with a much lower TKE
and correspondingly lower dependence on α, in agreement with figure 4. Specifically, irrespective of
the panel spacing, negative incidence cases are characterised by low TKE values, which are almost
negligible for z < 0.7Hc. Conversely, positive α is associated with a more turbulent flow, with the TKE
being maximum at z � 0.8 Hc, where the interfacial shear layer develops. Similarly, in the dense case
(figure 5c), a marked TKE peak occurs within the canopy at approximately z= 0.8Hc. This peak intensity
diminishes markedly as the (positive) incidence increases. Increasing the distance (figure 5d) leads to
very similar TKE values, although the turbulence propagates more above the canopy, in the roughness
layer, for large and positive incidence. In these cases, reminiscent of the wake interference regime, the
peak is no longer as marked as in the dense case.

In summary, the incidence has a notable effect on the TKE distribution across and above the canopy,
not only on its spatial distribution, but also on its magnitude, due to the different interaction between
the flow and the panels depending on the sign of the incidence. For negative incidence, the main flow
above the canyon tends to skim over the canopy without deeply penetrating it, thus resulting in a dom-
inant recirculating vortex confined within the canyon. Consequently, the interfacial velocity gradient is
mitigated, preventing the development of a sharp shear layer. In this condition, the exchange between
the canyon and the overlying flow is largely limited, consistently with the observed low TKE values. In
contrast, for positive incidence, the recirculation vortices on the upper surface of the panels enhance the
shear-layer intensity and the exchange between the near ground and the upper interface of the canopy
and above the roughness layer, promoting the flow instability and increased turbulence.
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Figure 6. Vertical profiles of the non-dimensional Reynolds stress τR, horizontally averaged over the
periodic unit for the (a) dense and (b) sparse cases and for varying incidence angle according to the
colour scale.

Eventually, figure 6 shows the mean profiles of Reynolds stresses (τR = −u′w′/U2), which quan-
tify the momentum transfer driven by turbulent fluctuations and, specifically, the vertical transport of
horizontal momentum (Di Bernardino et al. 2020b). The plots confirm the peculiar role played by the
panels, which interact with the incoming flow more like flat airfoil profiles rather than bluff bodies,
thereby modifying the structure of the roughness sublayer, Reynolds stresses’ magnitude and their ver-
tical distribution, depending on the angle of incidence. There is a clear distinction between positive and
negative incidence angles: with α > 0, the values of τR are consistently higher, compared with the α < 0
case, and are generally increasing with height up to z > 2Hc. The increase extends over the investigated
region (which does not include the full outer boundary layer) in the case α = +20◦ both in the dense and
sparse panel arrangement. In this framework, the turbulent momentum flux is not confined to the imme-
diate canopy interface, as in urban canopies, but extends upward as coherent structures generated at the
canopy top grow and interact with the overlying flow (Finnigan 2000; Ghisalberti & Nepf 2002; Raupach
et al. 1996). In summary, the Reynolds-stress profiles complement the TKE analysis by showing that the
enhanced turbulence in the positive incidence cases is associated with an effective vertical transport of
streamwise momentum. Conversely, for negative incidence, the weaker canopy-top interaction and the
dominance of in-canopy recirculation reduce both turbulence magnitude and momentum exchange.

This analysis suggests that the turbulent momentum transport is more intense when the incidence is
positive, correlating with the highest values of TKE, in these conditions. Consequently, the overlying
roughness layer experiences a greater degree of vertical mixing and momentum exchange as well as
significantly larger TKE in the positive incidence configuration, which can have significant implications
for processes such as scalar dispersion, canopy ventilation and energy distribution within the flow. These
results are in line with the perspective of Glick et al. (2020a), where a marked increase in the heat transfer
coefficient was observed for large positive incidence. Furthermore, for very large negative incidence,
flow structures are similar to those observed in idealised canyons with slender buildings (Badas et al.
2020). In the following, we investigate how the instantaneous flow affects ventilation and dispersion and
relate it to the turbulent indices here described.

4.3. Canopy ventilation
To quantify ventilation, i.e., the vertical exchange of fluid across the depth of the photovoltaic canopy,
we compute the exchange rate

ϕe (z) =
1

2Ud

∫
�(z)
|w (x, z, t) | dx,

where �(z) is a horizontal line (of length d) across the periodic photovoltaic unit at height z, and the over-
bar, as usual, denotes time averaging. This non-dimensional index, widely used in urban and planetary
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Table 1. Exchange rate, ϕe, and contribution of the mean flow, ϕem, at the canopy top (z = Hc),
representing the net exchange between the canopy and outer flow

α [◦] −55 −40 −20 +20 +40 +55
ϕe (Hc) AR= 5/3 0.0346 0.0337 0.0321 0.0774 0.0608 0.0546

AR= 10/3 0.0445 0.0080 0.0372 0.0799 0.0811 0.0673
ϕem (Hc) AR= 5/3 0.0052 0.0066 0.0040 0.0274 0.0061 0.0005

AR= 10/3 0.0082 0.0087 0.0089 0.0391 0.0195 0.0224

Figure 7. Streamlines of the mean velocity field overlaid with colour maps of the mean vertical velocity,
for the dense case with α = +20◦ (a) and −20◦ (b).

boundary-layer studies, quantifies the volume of fluid exchanged across a horizontal surface per unit sur-
face and time at a given height (Badas et al. 2017, 2020; Garau et al. 2018). It should be noted that this is
the most significant flux in the balance of the periodic photovoltaic unit, since the net flow along the hor-
izontal direction is negligible, provided it is reasonable to assume a well-developed canopy layer since
we focus on the 17th downwind periodic unit of the array (Badas et al. 2020). Therefore, the upwind flux
equals the downwind flux. Evaluating the mass exchange at different heights z is relevant as it can be seen
as a measure of the vertical transport within the canopy (Perret et al. 2017). Additionally, we computed
the sole contribution of the mean flow (figure 7) to ventilation through ϕem (z) = 1

2Ud

∫
�(z)
|w (x, z) |dx

(Garau et al. 2018). First, we analyse the values of ϕe at z =Hc, which represents the overall net exchange
between the canopy and the overlying roughness layer (table 1).

In the dense panel configuration (AR = 5/3) and negative incidence, the exchange rate is low, and its
value is ϕe ≈ 0.03, regardless of the angle. Conversely, for positive incidence, ϕe is higher, and decreases
from approximately twice to one and a half times the exchange given by the negative incidence, as α
increases. This difference agrees with the mean vertical velocity maps shown in figure 7 at α = ±20◦. For
positive incidence (figure 7a), the flow exhibits an intense vertical motion across the canopy top, with
large positive velocities spanning from the ground to the canopy top and extending into the overlying
layer, in the inter-panel gaps. This structure, completely absent with negative α (figure 7b), indicates an
active mean contribution to vertical exchange of momentum. In the sparse case (AR= 10/3), the exchange
rates ϕe(Hc) are higher than in the dense configuration, except for the negative incidence angle α = –40◦,
which gives the lowest exchange rate among the investigated configurations. The highest value of the
sparse case (ϕe ≈ 0.08) is attained at moderate positive angles (α = 20◦ and α = 40◦), a value similar to
that of the dense case. Figure 8 presents the vertical profiles of ϕe and ϕem as functions of z/Hc. In both
cases, negative incidence angles lead to lower exchange rates compared with positive angles. Profiles of
the exchange rates qualitatively vary both with incidence and AR: ϕe is only weakly dependent on the
incidence, when positive in the lower canopy layer (z < 0.6Hc), although a slightly higher dependence is
observed for the sparse configuration. The fluid exchange is higher with positive incidence, irrespective
of the angle and AR. As concerns ϕem, in the AR= 10/3 configuration, a large positive incidence promotes
exchange between layers, whereas negative incidence yields profiles similar to those observed in urban
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Figure 8. Vertical profiles of the exchange rate for the two distances and for varying incidence
according to the colour scale on the right.

canyons, characterised by a maximum at mid-height and a decay at the canopy top (Garau et al. 2018).
In the dense case, all negative angles converge to very similar values at the top, in agreement with
the skimming-flow characteristics. The difference between ϕe and ϕem increases for the sparse case,
highlighting a higher contribution of turbulence to the exchange rate. Eventually, focusing again on ϕe,
in the dense case and negative angle, ϕe shows an increasing trend, with higher values close to the canopy
top. These trends are analogous to those observed in urban canyons (Garau et al. 2018).

In summary, in the sparse case and for positive incidence, the periodic flow expansions between the
panels and the ground generate high-momentum, continuous vertical turbulent transport throughout the
canopy. The high TKE levels observed in these cases agree with the large differences between ϕe and
ϕem, the signature of a primary role of turbulent fluctuations in the air exchange. Conversely, in the
dense configuration and for large incidence (both positive and negative), a skimming flow with reduced
mixing at the canopy top develops. These findings indicate that even small positive incidence angles
can transform the canopy into an actively ventilated space, driven by continuous, panel-induced verti-
cal turbulent transport. In contrast, a negative incidence establishes the weaker exchange between the
canopy and the overlying boundary layer typical of skimming flows (Badas et al. 2020, 2021). Even
a modest positive incidence can substantially enhance exchange efficiency, promote moisture disper-
sion and improve thermal regulation in photovoltaic farms. It should be noted that ϕe does not account
for flow topology or trapping within recirculation regions, aspects that are accounted for in Section 5
by a Lagrangian analysis, specifically aimed at describing renewal and residence effects within the
photovoltaic canopy.

5. Lagrangian dispersion of synthetic particles and turbulent dispersion coefficient
We perform a Lagrangian analysis of dispersion designed to describe the mixing of a passive tracer
released close to the ground. To this end, for each experiment, we tracked 50 instantaneous releases
of 10,000 synthetic particles, initially homogeneously distributed along a horizontal line at a height of
zs = h/4 and passively advected by integrating the instantaneous velocity field using a predictor–corrector
algorithm. This choice is intended to be representative of a near-ground source of heat, moisture, pollen
or other scalars, released by the soil or vegetation (Moretta et al. 2025; Suttie 2000). The region of inter-
est is centred on a panel, with periodic boundary conditions imposed at the boundaries of the periodic
unit. The particle and release number was verified to be high enough to attain statistical convergence.
Similarly, to obtain statistically meaningful results, the simulation was advanced for 15,000 frames cor-
responding to 364 L/U (with L/U = 0.125 s), for each release. To this aim, the measured instantaneous
velocity fields have been used cyclically in time during the integration. The time interval between the
releases was heuristically set, after some preliminary tests, to 2.4 L/U to fully capture the sensitivity
to initial conditions of the particle trajectories that characterise the turbulent flows, from a Lagrangian
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Figure 9. Synthetic particle (green dots) dispersion in the cases of incidence angles α =±40◦ at non-di-
mensional times t∗= 0, 2, 4, 6. Particle trajectories are obtained by integrating instantaneous velocity
fields starting from a horizontal homogeneous distribution at z = 0.25h.

perspective. Figure 9 shows particles at non-dimensional times t∗ = 0, 2, 4, 6, with t∗ = t U/L at incidence
angle α =± 40◦ for both the investigated panel spacings.

The differences in the dispersion, mainly between the cases with positive and negative angles, are
apparent, and can be appreciated more in the Supplementary Videos 1–4. To quantify the exchanges
between the photovoltaic canopy and the overlying boundary layer, we then compute the fraction of
particles remaining beneath the panels (z < Hc) as a function of time, averaged over all releases, Nb

∗(t∗)
(figure 10). For negative incidence angles and both panel spacings, this decay is monotonic. In contrast,
large positive incidence cases exhibit non-monotonic behaviours, where an initial decay is followed by
one or more reinjections of particles below the panels, highlighting the key role of large-scale coherent
structures in the dispersion process. The characteristic time of this reinjection is larger (t∗ ≈ 175) for the
dense configuration compared with the sparse configuration (t∗ ≈ 150). The sparse case also exhibits a
narrower peak, a signature of a more definite characteristic time. Both the above-mentioned times are
too long compared with the advective time across the periodic unit (1.67 L/U and 3.33 L/U, for the
dense and sparse configurations, respectively) to be ascribed to the downward periodical deflection of
the flow by the panels, also because the latter interpretation would contrast with the characteristic time
decrease with AR.

From figures 10a and 10b, we compute the time taken for half of the particles to leave the canopy
(i.e., the half-life of Nb

∗(t∗)) rescaled by the advective time scale L/U, which will be denoted as Th
∗. In

the well-mixed box idealisation, Th
∗ is a proxy of the mean residence time of the particles within the

canopy. Results are shown in figure 10c as a function of the incidence angle for the two panel spacings.
In agreement with the previous results, negative incidence angles yield longer Th

∗. The dependence
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Figure 10. (a, b) Evolution of the average fraction of particles below the canopy as a function of
non-dimensional time. The shaded areas span one standard deviation. (c) Non-dimensional half-life of
Nb
∗(t∗), Th

∗, as a function of the incidence angle, α, for the dense and sparse spacings according to the
legend.

(a) (b)

Figure 11. Mean (a) and standard deviation (b) of synthetic particle height made non-dimensional
by h, as functions of non-dimensional time. The colour indicates the incidence angle according to
the colour scale on the right. Continuous lines: dense configurations (AR= 5/3); dashed lines: sparse
configurations (AR= 10/3).

on the sign of α is more intense in the dense spacing case, which gives the longest half-life for α < 0.
In summary, a positive incidence substantially reduces particle residence times beneath the canopy,
enhancing ventilation and mixing, while negative incidence cases trap particles for longer periods.

The dispersion from a source close to the ground is described by the statistics of the particle height
as a function of time from the release. Specifically, we report the mean particle height, z(t∗)/h, and its
standard deviation σz(t∗)/h (figure 11). The analysis is limited to t∗ = 15 to avoid biases due to particles
exceeding the maximum investigated height. Subsequently, we describe only the initial stage of the
dispersion, when the process is dominated by the small-scale turbulence within the canopy. Generally,
the behaviour agrees with the above description, with the higher the increase in the average height, the
higher the standard deviation (figure 11b). The highest and lowest σz curves are given by the dense
spacing with α = ±20◦. After an initial linear transient of faster growth due to Lagrangian correlation
along particle trajectories, most of the σz curves present a square-root behaviour, in agreement with
Taylor theory.

Fitting this interval of the non-dimensional standard deviation σz(t∗)/h with the function f (t∗) =
at∗1/2 + b, (being b an arbitrary time shift that accounts for the initial, non-Gaussian, dispersion) allows
the non-dimensional turbulent dispersion coefficient within the canopy (i.e., the inverse turbulent Péclet
number) to be estimated as DT /(LU)= (ah/L)2/2. Table 2 reports the inferred values for the investigated
cases. For negative incidence, we observe moderate values that monotonically increase as the negative
incidence angle increases, with a weak dependence on the distance. For positive incidence, the dispersion
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Table 2. Non-dimensional turbulent dispersion coefficient for the investigated cases

DT /(LU)
α [◦] −55 −40 −20 20 40 55
Dense 0.0147 0.0112 0.0040 0.0801 0.0285 0.0330
Sparse 0.0133 0.0146 0.0052 0.0569 0.0192 0.0579

coefficients are much higher, with a greater dependence on the distance. In that case, high values are
observed for α = 20◦, regardless of the distance, whereas they decrease for α = 40◦ to increase again
at α = 55◦. For comparison, in water-channel urban-canopy experiments, Di Bernardino et al. (2018)
obtained DT /(LU) ∼ 10–3 – 10–1. The present values, DT /(LU)= 4× 10−3 – 8× 10−2 fall within the same
non-dimensional range, with negative incidence corresponding to the lower, skimming-like limit and
positive incidence to the upper, shear-layer-dominated limit.

6. Discussion and conclusion
We experimentally investigated the effect of panel incidence and inter-panel distance on the fluid
dynamic mechanisms governing flow, turbulence and scalar transport within and above a two-
dimensional array of rectangular panels mimicking photovoltaic and agrivoltaic farms. We reproduced
the flow in a controlled water channel. Time-resolved measurements of the velocity field were obtained
via high-speed imaging and PIV. Two distinct flow regimes emerged as a function of panel inclina-
tion. Positive incidence angles promoted enhanced ventilation and mixing across the canopy interface.
This behaviour was driven by the development of a strong shear layer and coherent vortical structures
above the panels, which enhanced vertical momentum exchange and TKE propagation into the rough-
ness layer. In the dense case, the high-TKE layer was limited at the top of the canopy while, in the
sparse case, it propagated at higher heights. Even modest positive angles (e.g., α = 20◦) were sufficient
to generate continuous streamwise jets beneath the panels and upward transport through the canopy top,
resulting in exchange rates up to an order of magnitude higher than those observed under negative inci-
dence. Conversely, negative incidence angles induced a skimming-flow regime characterised by large
recirculation bubbles confined within the photovoltaic canyon. This configuration suppressed vertical
exchange with the overlying flow, yielding low-TKE values and minimal Reynolds stress throughout
the canopy depth, regardless of the angle and spacing. The resulting weak ventilation implies longer
residence times for passive scalars and suggests reduced capacity for thermal regulation, which may
adversely affect microclimatic conditions in agrivoltaic farms.

Panel spacing exerted a secondary, yet non-negligible, influence on velocity field structure. The sparse
configuration (AR= 10/3) generally enhanced vertical transport compared with the dense arrangement
(AR= 5/3), particularly under positive incidence, since wider spaces can accommodate high-momentum
vertical transport and reduce blockage effects. However, the two-regime scenario remained robust, indi-
cating that the incidence angle is the dominant control parameter for ventilation efficiency in the studied
range of parameters. This observation has practical implications for agrivoltaic design: while increasing
inter-row distance can improve mixing, the strong dependence on the panel tilt highlights the importance
of carefully assessing the mutual orientation between the dominant winds and the panels.

The Lagrangian dispersion analysis reinforced these conclusions by quantifying particle residence
times and estimating turbulent dispersion coefficients within the canopy. Positive incidence angles
markedly accelerated scalar dispersion and promoted intermittent reinjection events associated with
large-scale coherent structures, whereas negative angles trapped particles in the photovoltaic canopy for
extended periods. We estimated turbulent dispersion coefficients, which can be helpful when performing
RANS simulations or microclimate modelling. Their values further highlighted the sensitivity of mix-
ing processes to panel inclination, with values for positive angles exceeding those for negative angles
by more than one order of magnitude.
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Overall, this study establishes a fluid mechanical basis for understanding and predicting ventilation
and dispersion in photovoltaic canopies. The results highlight that the incidence angle is critical for
mixing and photovoltaic canopy ventilation. However, we observed that even small positive inclina-
tions can transform the canopy from a poorly ventilated, recirculation-dominated environment into an
actively mixed layer, thereby affecting heat dissipation, moisture and pollen dispersion. These findings
are relevant to the optimisation of agrivoltaic farms, where microclimate control is critical for crop pro-
ductivity and energy efficiency. Furthermore, measurements extending farther above the canopy would
make it possible to characterise the full boundary layer and the associated roughness parameters, com-
plementing the picture developed here. Similarly, dedicated analyses of the streamwise development of
the internal boundary layer and how it is affected by the change in the angle of incidence and panel
array density would complement the present analysis and provide a comprehensive description of pho-
tovoltaic canopy turbulence. Future work should extend this analysis to include buoyancy effects and
atmospheric stratification (Zhao et al. 2021), as well as explore three-dimensional configurations and
dynamic anti-tracking systems (Grubbs et al. 2024), canopy vegetation (Barwise & Kumar 2020) and
the hydrological balance, to fully capture the complexity of real-world photovoltaic farms and, even-
tually, develop predictive tools for design across diverse climates and crop systems (Amaducci et al.
2018).

Supplementary material. Supplementary videos showing the dispersion of synthetic particles described in Section 5 can be
found at https://doi.org/10.1017/flo.2026.10063.
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