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Abstract.

MMWMWM%W
collector arrays, where wake interactions between rows influence the dynamic
wind loading on supporting structures. These wake effects have primarily been
investigated through wind-tunnel experiments and numerical simulations, while
field measurements remain scarce. This study examines the mean flow and
turbulence characteristics downstream of the first three rows of parabolic trough
collectors at the Nevada Solar One —Thefield-measurementprovidestheswind
eeftdﬁ}eﬂs—&t—%hfee%gh‘es—%ﬂ—ivm—a—ﬁ% NSO) plant. Sonic anemometer

5 and 7 m were analysed under near-perpendicular inflow conditions to_assess
the shielding effects of upstream rows. Mean wind speeds decreased by 21-80%
relative to the inflow —with—elose—wakespeeds—at—eachheight—The main—wind
Eroetion bt Lehind o | o + ohsorved i

subsequent—rowsreference speed at 7 m, with the largest reduction occurring
downstream of the first row. Wind direction deviations were also most pronounced
behind the first row, followed by partial recovery downstream. The standard devi-
ations of the WMUW@W%%@V%W&&H%@%M

W%Wmlm
at lower heights but increased above the collectors, with relatively little variation
between _successive rows. In contrast, vertical velocity fluctuations increased by
30-100% and continued to develop downstream. Skewness and kurtosis revealed
persistent departures from Gaussian behaviour within the wakes, indicating that
the apparent rapid adjustment of horizontal velocity fluctuations does not extend



to all turbulence statistics. These findings suggest the onset of flow adjustment
to the aerodynamic resistance of the collector array, although the measurements
cannot establish whether e u111br1urn is reached within the ﬁrst three TOWS. The

that mean-flow sheltering does not necessarily imply reduced turbulence, with
implications for the aerodynamic loading of downstream collectors.

1 Introduction
Utility-scale

—solar power

lants are growing in size. Amon US hotovoltalc PV I'OJeCtS exceedlng 5 MW, mean
eapaeity-dottbled-the mean capacity increased from approximately 36 MWACfor plants commis-
51oned in 2646—2649-2010-2019 to 73 MW in 26262023 +reaching-84-MW-in2023-1--2020-2023

Although PV dominates the solar energy market, concentrated solar power (CSP) offers

he advantage of thermal energy storage [2]. The increasing scale of beth—selarpower—plants

andmdw&du&kse}afﬂnrtsr{%}ﬂn&keﬁsolar installations and their individual structures |3] raises
im ortant uestlons about their interaction W1th the atrnospher1c boundary layer&ndrmterna}

MB@I@L

and parabolic trou h collectors are exposed to substantlal wind loads, while upstream rows
can shelter downstream structures by modifying the mean ﬂow and turbulenceexpeﬂeneed—by

th&p&st—ﬁv&ye&rs— However these intra-arra; wake eﬁ'ects are not s stematlcall accounted
for in wind-load design.

mer&turbula&e&st&ﬁst}es—mto%he—smd&es—theﬂiownstream of solar anels and collectors,
with wake characteristics depending on collector geometry and tilt angle [4, 5, 6|. Beyond

mean-flow sheltering, collector wakes also modify turbulence characteristics, including velocit



ower spectra, with implications for aerodynamic forces and moments |7, 8|. These findings
WMWW mean wmd speed d—lSEPrbﬁHGﬂ—SE&Hd&fé:—éﬁVk&H@ﬂ—&Hé—%he—pewef

aed&'t&%e%&tieeship&ﬂthde&geeeeﬁieie&t&sﬂﬂalysedfalone cannot full characterise the wind
conditions experienced by downstream collectors. However, most existing investigations rely on

numerical simulations or wind-tunnel experiments, while full-scale field measurements remain
scarce.,

Previous field studies have often relied on a single meteorolo 1ca1 mast, limiting their abilit
to capture the spatial evolution of the flow across successive collector rows [9, 10, 11, 12]. The

field measurement campaign at the Nevada Solar One (NSO) plant provides an opportunity to
address this limitation, with simultaneous measurements of the undisturbed inflow and wakes

downstream of three collector rows [13]. Prev10us anal ses of this dataset have examined WlIld—

%—&924—}{—}6}—%&d1ed—collector torsion 1nﬂow wmd S ectra and selected wake characterlstlcs
Nnvcigvdvlygwmd d1rect10n turbulence lﬂﬂeﬁﬂﬁeﬂeng—%ﬂfbﬂleﬂeﬁﬂﬁeﬂﬂ%y—&Hédeﬂgﬂﬁe&}eﬂﬂ—%he

MWWNMMWMWMM
evolution of the velocity fluctuations and higher-order turbulence statistics across successive
collector rows remains insufficiently characterised.

This study investigates the mean flow and integral turbulence statistics downstream of the first
three rows of parabolic_trough collectors at NSO under near-perpendicular inflow conditions.
The analysis compares mean wind speed, wind direction, flow inclination angle, and the standard
deviation, skewness and kurtosis of the three velocity components between the undisturbed
inflow and successive collector wakes. Particular attention is given to whether the shielding of
the mean flow is accompanied by similar changes in turbulence and to identifying evidence of
%mwmuwmwd based me%heéelegy—ﬁfewdmg—vahﬂble




turbtlence—eompared—to—the—inflow—windevidence of intra-array wake effects relevant to the
aerodynamic design of downstream collector
The paper is org sfollows: 0

follows. Section 2 describes the measurement campaign and data processing. Section 3 presents
the mean wind profiles and turbulence statistics downstream of successive collector rows. The
results show that most changes in mean wind speed and horizontal velocity fluctuations occur

downstream of the first row, whereas vertical fluctuations continue to evolve further downstream.

Skewness and kurtosis reveal persistent departures from Gaussian behaviour, suggesting that
turbulence adjustment remains incomplete within the first three rows.

2 Instrumentation and Methods
2.1 Field measurement

The data 5 5 otar-One-present study
uses field measurement data from NSO 13]. Flgure 1 shows the locatlon and the layout of NSO,

as well as details of the measurement campaign. NSO is a concentratedsolar—power{CSP—
CSP plant with a nominal capacity of 72 MW, leecated-inBeulderGity—in Nevada, USA, at

eoordinates—(35.8°N, —114.983° E—Fhere—are—two—). Two main mountain chains are located
approximately 2.5 km northwest and 3.5 km east of NSO. The terrain within 2.5 km is relatively
and the flat terrain extends up to 10 km to the south.

The fieldmeasurement-took place-

Measurements were conducted at the first ;seeendthird-andforthrews-at-four rows of solar
collectors along the western edge of NSO. The right-bottompanel-offig-d-shows-theJoeation
of the-eutside-mast-and-inside-masts—Figure 2-shewsthe-measurement layout is shown in the
bottom-right panel of Figure 1, while Figure 2 provides a side view of the solar arrays and the
masts— T here—is—one—outside-mast—in—thewestern—direetion—instrumented masts. A reference
mast_(hereafter referred to as the outside mast) was positioned 30 m away-from-west of the solar
arraysane-, while three additional masts (inside masts) were installed downstream of rows 1. 2,
and 3 to characterize the wake flow under westerly wind conditions. Each mast was equipped
with three sonic anemometers &P&m&%&ﬂt@éﬂ%@ﬁ&l\gﬁ@\@3 5, 5 %ﬂ%he}g%ﬁs—&ﬂd—eﬁeﬂfp

WMMWMWMX
components, as well as sonic temperature, at a sampling frequency of 20 Hz. The outside mast
was additionally equipped with a Thies First Class cup anemometer at 15 m, sampling at 1 Hz.
The dynamic tilt of the solar eeleetor—Forthe-collectors was recorded using an inclinometer.

The sonic anemometer _configuration changed during the measurement campaign. On the

outside mast, eneFhiesFirst-Class—eup-anemometeris—installed-and-it—-works—with-a—samplne
frequeney-of +-Hz—One-a Gill WindMaster Pro and-two-Gill-WindMaster-are-was installed at

7.5 m, while Gill WindMaster anemometers were used at 5 —m-and 3.5 m. The anemometer
at—b m is—anemometer was added in February 2022and-the-anememeter—at—, and the 3.5 m

have-been—changed-to-anemometer was replaced by a Gill WindMaster HS in November 2022



and subsequently by a Campbell CSAT3after Nevember2022—The-anemometer—installed—at

. _On inside mast lat—, the 3.5 m height-hasbeen—~changedto—anemometer was replaced b

a_Gill WindMaster HS in April 2022 and Gampbel-GSAT-3-a Campbell CSAT3 in Novem-
ber 2022. The &Hememe%efﬂﬂs%aﬂeé—&%mmmwphmmde mast 2 &E%%_‘fﬂ

fer——meas&ifmg%he»%efqﬁememeﬁtwas also re laced by a Cam bell CSAT3 in November 2022

whereas the instrumentation on inside mast 3 remained unchanged. Additional sensors recorded
structural responses, includin tor ue bendmg moments dlsplacement and acceleratlon but

ef—%hes&%espe&se»d&%measurements are not consudered in the resent Stud
Seetion—2+-showsthereeording-Figure 3 shows the working period of the outside wind mast,

3 wake masts and tilt angle inclinometer. Outside mast werks-worked from 2021 November to
2023 March, while the inside masts record-the-wind-collected wind data during 2021 November
to 2022 April and 2022 November to 2023 March. The tile angle data is-previded-was collected
from 2022 December to 2023 March.

Nevada Solar One

CSP Plant

Figure 1. Satellite view of NSO and sketeh-of-field measurements. The upper panels show the
location of NSO. The bottom left panel shows the position of the field measurements at NSO,
while the bottom right panel shows the location of the wind masts and their spatial relation to
the solar arrays.



NSO Measuremet campaign (Side view)
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Figure 2. Side view of wind mast installation, showing the spatial relation between wind masts
and solar arrays, as well as the configuration of anemometers.

2.2 Data overview and selection

Figure4-The stationarity of the time series was assessed using first- and second-order stationarit
tests based on moving means and moving standard deviations, respectively. First-order stationarit
was considered satisfied when the relative deviation between the moving 900-s mean and the
overall 30-min mean did not exceed 20%. Similarly, second-order stationarity was considered
satisfied when the relative deviation between the moving 900-s standard deviation and the overall
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Figure 3. Time distribution of various data collected during the field measurements from
November 2022 to March 2023.Fhe-alone-wind-u—eross-wind-v-and-vertiealw-wind-eomponen




30-min standard deviation did not exceed 40% [15].
The atmospheric stability was evaluated using the non-dimensional stability parameter,
= 2z/L, where z is the measurement height and L is the Obukhov length [17], defined as

7.3
0 uy

kgw'0'’

L=- (1)

where 6 is the mean virtual potential temperature, approximated by the sonic temperature; u,
is the friction velocity; k£ ~ 0.4 is the von Karmén constant; g is the acceleration due to gravity;
and w'#’ is the turbulent kinematic virtual potential temperature flux. Based on (, atmospheric

conditions were classified as unstable (( < —0.1), neutral (=0.1 < ¢ < 0.1), or stable ({ > 0.1).
Figure 4 provides an overview of atmospheric stability and its relationship with wind speed,
wind direction, time, and solar irradiance. Figure-5-Figure 5 shows the wind rose for-the-outside
wind-using the wind data from the outside mast, while the middle and right panels illustrate
the differences in prevailing wind direction between daytlme and nlghttlme All samples are
were taken from the outside mast at a height of 7 m 5 ity i

as—unstable-—<—~01stable-t>0d-orneutral —0+ <6< 01
As-shown-in-fig4-indieates-when-Figure 4 indicates that when the wind speed exceeds 6571
the-wind-6 m__s~! the atmospheric stability can be considered as-neutral-—Theresuktsneutral
more than 80% of the time. Figure 4 and Figure 5 show clear differences in prevailing wind
dlrectlon and atmospherlc stablhty between day and night. Bﬂ%ﬁ%g—dayﬂﬂ}&—t—he—pfe’%aﬂfﬂg

H&eﬁfewhﬂg%md—ehiﬁ—e—%e—eeﬂiﬁh—&nd»The revalhn wind dlrectlon shlfts from northerl

during the day to southerly at night. Daytime solar heating promotes unstable atmospheric
stratification, whereas stable conditions are more common due to low or no irradiance. Similar

180° reversals in wind direction between daytime and nighttime have been observed in other
valleys characterized by strong diurnal wind cycles [18]. For solar energy infrastructure, these
reversals suggest that wind-loading conditions are governed by the combined effects of tilt angle,
mean wind direction, mean wind speed, and turbulence characteristics above and within the
array. While fatigue loading is not directly assessed in this study, the observed variability is
relevant to its future evaluation in wind-engineering applications.

3 Fesaleeddsensaes

The analysis presented in Section 3 i
based on me&ﬁ%#wﬁm}eﬂ%ﬁ}wﬁﬂ%%%dﬂeweéaﬁﬁm%wwmmm

eriods from November 2022 and A rll 2023 selected accordln to the inflow condltlons measured

he1 ht on the outside meteorological mast. The selection criteria were neutral atmospheric
stability, stationary flow, a mean wind speed ever—exceeding 3 m s~!, westerly—wind{wind
direetion—{rom-and a wind direction between 240° te-and 29009——@6ﬂﬁdeﬂﬂg—%hﬁtiw]3§£1v0\g§

without collector tilt-an le measurements were excluded, as the tllt angle ef—%he@SP—&ffeets

ha 7 1 avaHa a a !. < a o al m a

qlhis—feﬁkﬂﬁs—ﬂ% nﬂuences the wake characterlstlcs For each erlod the mean w1nd dlrectlon and
flow inclination angle were determined from the original velocity components before applying the
double-rotation method. The velocity components were then transformed into a mean-flow-aligned
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Figure 4. Distribution of atmospheric stability against wind speed, wind direction, time of
the day, and incoming irradiance. The stable, neutral and unstable cases are selected using the

non-dimensional stability parameter (-¢=>64—0+<<<01(<—0-+.
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Figure 5. Wind rose from outside mast at 7m height. The left panel shows all the samples
from November 2022 to March 2023 which is 20930 samples. The middle and right panels show
the daytime and nighttime wind roses, respectively.

coordinate system, such that v = w = 0. Mean wind-speed profiles and higher-order turbulence
statistics were calculated for each period and subsequently ensemble-averaged over the 79 samples
L on e ] o




inside mast 3a

measurements at 5 m hel ht were unavallable The values at 3 5fﬁﬁfeﬂ%eﬁﬂeeﬁed—hﬁe&ﬂy%e
ithastrate-changes—and-trends;but-this-doesnotrepresent—- m and 7 m are therefore connected

by straight lines for visualisation purposes only and should not be interpreted as representin
the actual wind conditions at 5mferinside-mast-3—intermediate heights.

3 Results and discussion

Figure 6 shows the normalized mean wind speed, wind direction deviation, and wind incidence
deviation Wthh mdlcate the changes of mean Wlnd proﬁle from inflow Wlnd to wake wind.
The wind
deviation and the wmmmw@mwmm

closed to O° for all helght which means %heﬁﬁﬂe%%ﬂd—ehfeeﬂefhkeepﬂseﬂs%aﬁt—fer—aljrherghts

variation with height and an approximately horizontal inflow.

The left panel of fig:

m&m
three collector rows. Pronounced wind-speed deficits are observed within the array, particularl
at_heights of 3.5 mheight—which—remain—and 5 m, where the mean wind speed decreases to
WQO% of the inflow wind speed —%s—ée%%&ue%@%he«bl@elﬂﬁgef—%heﬁel&f

&FW 7ﬁfrhefgh% m. ThlS reductlon is_primaril attrlbuted to ﬂow blocka e b th

arabolic mirrors. Yang et al. [7] reported a wind-speed reduction of approximately 70% relative
to the free-stream velocity in numerical simulations with comparable collector spacing, showin

|_#7 Outside mast _t#7 Inside mast I 87 Inside mast2 27 Inside mast 3
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Figure 6. Mean wind profile which includes normalized mean wind velocity, wind direction
deviation and incidence angle. The left panel shows normalized mean wind velocity which is the
velocity from different mast-masts at different heights divided by the velocity from outside mast
at 7m height. The middle panel shows the wind direction deviation which is the wind direction
from different mast at different heights minus the velocity from outside mast at 7m height. The
right panel shows the incidence angle.



reasonable agreement with the substantial velocity deficits observed downstream of the first row
in the present measurements.
Althou h the measurement height of 7 m is above the se%&r—ﬂ%ffer—%hefe—}ﬁwﬁwﬂm%dﬁpeed

MWQMMWWW&
&%@M%m
the second and third G i
MWW%WMM%@
flow above the array and the lower-speed flow within the wakes. Overall, the largest wind-speed
reduction occurs downstream of the first row, while subsequentrews-experiencelessreduetion-
Fhisfinding-demonstrates-the additional reductions across subsequent rows are relatively small.
Ev}gg\wsggggvsg\swthat the first row provides a shleldmg effect for the bﬂbﬁ@Qﬂ@ﬂE—f@Wh—’W—h}e}}

downstream collectors resulting in broadly similar mean wind condltlons Wlthm the array. From
a design perspective, these findings suggest that a common mean wind-speed specification ma;
be appropriate for interior collectors under near-perpendicular inflow conditions.

The middle panel of fig-6-shewsthewind-direetionchanges—The-wind-direetion-at-Figure 6_
WSJWM&%MWMMMWMMWW T-ar-heightfor-all-inside

vt THOW avata AW N ._. Pt AV aN od—w N (] A 1d A a ot el

- m height, the

wind direction remains largely unchanged relative to the upstream conditions at all three inside
MWMM@W% observed at Smand-3.5 wnheights;

and 5 m, where the flow is

hkel 1nﬂuenced b the blocka e and deﬂect1on caused b the arabolic mirrors. At inside mast
1whichshows-a-, the wind direction dev1ates by a r0x1matel 100° changein—wind-direction

mmmmmwmmmmmm —50° —Fhisreeovery

n-wind-direetionis-dueto-are observed at inside masts 2 and 3. This partial recovery towards the
upstream wind direction suggests progressive flow realignment downstream, potentially driven b
W@M@Q mixing between the W&k&&ﬁd—%lﬁf@&ﬁdfﬁgﬂiﬁdﬂ%&ﬂ%e&—}ﬁﬁew—wﬂﬁdj

ﬂAOAVX-N

A—strong—incidence—angle—deviation—is—observed—The mean flow inclination angle exhibits
the largest deviation from the horizontal at 3.5mheightwhich—ean—+each— m height, reachin
WlW%k%he&&cﬁe&e&%g&edew&H@&md% compared with less than 5°

wm%mmmmﬁmmm
more pronounced vertical flow deflection in_the lower part of the wake, potentially resulting
from interactions between the flow, the ground and the parabolic trough collectors. Previous
studies have shown that the acrodynamic lift forces on parabolic trough collectors are sensitive
to the orientation of the incoming wind. particularly the wind-incidence and yaw angles [19. 9]

. The observed flow deflection may therefore influence the aerodynamic loading on downstream
collectors.



The standard deviation of 4] nd

3.2 Integral turbulence statistics
Figure 7 resents the standard deviations of the three Wind velocity components (u, v and wate

iehe—s%aﬂdaférf}evr&%}eﬂsrdeefe&s&shghebeby%beﬂ% The streamvvlse and lateral com onents
exhibit similar trends relative to the undisturbed inflow, decreasing by approximately 30% and
10% at 3.5 and 5 m, res ectlvel mspeeﬁve%y%kree&‘&mst—whﬂe increasing b 21 28% at

%—iﬁ—%%ﬁh—ﬁ%kﬁg—%h&b—%he—s%&ﬂdf&d’—de*ﬂ&ﬁeﬂf m. These dlfferences ma; reﬁect ﬁow
sheltering within the array and enhanced turbulence near the upper edge of the collector wakes.

memmmﬁﬁ u and v a%%ﬂ%eigh%&shews
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tstributi i —vary little between the three inside masts,
indicating that the largest changes occur downstream of the first collector row.
%Wstandard deviation of the vertical component wmere&sesby%@%—k@@%

he&gh%s—?he»%&eges%ﬂﬂefe&seeeet% increases b 30 100% across the measured he1 hts w1t

W% 5 mheig

%sh%%sﬁnﬂﬂefe&smgﬁeﬂd—eemp&fed%eﬂﬂﬁde%% My&mcalﬁwm
increase further between inside masts 1 sespeeiatly—at-5-mheight—Unfortunately—wind-date-at
5-mfer-and 2, although missing measurements at inside mast 3 is—missing—makingit-diffienlt
to—determine—whetherthis—inereasingtrend—willeontinue—ernotprevent assessment of their
subsequent development. A greater increase in vertical than streamwise velocity fluctuations was
also reported by Marano [8]. These differences highlight the three-dimensional and anisotropic
nature of turbulence within the collector wakes, consistent with observations in bridge near-wake
[20]. The pronounced changes downstream of the first row, followed by a more gradual evolution,
suggest the onset of flow adjustment to the aerodynamic resistance of the collector array, similar
to the response of a turbulent boundary layer to a change in surface roughness. However, the
available—data—indieate—that—continued development of vertical velocity fluctuations suggests
@MMW%MMXMMM@MJM standard

A A nad—m o ccond a
ct O o1t O ca a O S ot G O Ow

velocity power spectra is needed to establish how the observed changes in turbulence are

distributed across frequencies.
Flgure 8 shew&p;/evsgvnvtvslelegkewness and kurt081s of %hfee—xmﬂd—eefﬂpeﬂeﬂts—&t—%hfee
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Figure 7. Skewness—andJ<urtesis-Standard deviation of the wind velocity components u, v

a i ofatry oW
direetion-{240°-290%systematic analysis.
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Gaussian—turbulence—Skewness—of-the three wind velocity components (uat—, v and w) at the

three measurement heights. Although the undisturbed inflow already departs from a Gaussian

distribution, these deviations are generally more pronounced within the collector wakes. At
3. 5ﬂhe1gh%ﬂs—e}es& m the skewness of u remains com arable to that of inflew—wind-buthas

OW

MWMMM
row, it shifts slightly towards zero, particularly at Sheights—Theskewnessof- m. In contrast,
the v and w wind-componentsshow max-departure-components exhibit their largest negative
skewness at Smheight-whiehreach—0-4-+6—0-5 m, reaching approximately —0.4 to ~0.5. While
the skewness of v wind-ecomponent-have similarvaluefor-all theinside-mast;remains similar
across the three inside masts, that of w wind-cempeonent-show-inereased-departurefrom-inside
WM&W—WWWWWWWY
at 3.5mheight m. Overall, 1
MW%MMM%MWW@M&
MQ&WU and w egatiy W ig

The kurtosis of u and v wind-eempeonentsshow-inereasedkurtosis—as—the height-deereases;
w&k&h%ﬂeeehaﬂg&ebseﬁzeérncreases towards the ground, while remaining close to the inflow

values at 7

WWM%MM&&M
masts. The w component displays—a—different-pattern—exhibits a different trend: its kurtosis
decreases by approximately 0.4 at 7- m, remains similar-with-comparable to the inflow at 5 m,
and increases at 3.5mheight—Feor-most-heights—exeept— m. Except for u and v at 7m—the
kuﬁes&s—va}ues—fer—&H—ﬁhfeeﬂHﬂ%eempeﬂeﬁts—&Peﬂelese—E& WWML%W4

exceeding the Gaussian reference value of 3. This suggests heavier-tailed velocity distributions
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Figure 8. Skewness (top panels) and Kurtosis (bottom panels) of the wind velocity components

u, v and w.

and a greater likelihood of intermittent, large fluctuations within the wakes [21]. The greater
variability in_the near-ground statistics of u and w eemponents-alsoshow strongervariability
near-the-ground;suggesting-that-ground-effeetsmay reflect the combined effects of the ground
and collector induced flow separatlon and reCIYCHIatIOHGGﬂEH%ﬂ%e—S}gﬁrﬁG&ﬁH—yL%Gﬂiﬂeefﬁ&}Hﬁyﬂﬂ

collector arrays on the mean fle -
d&t—&eeﬂee&edrbyseme&ﬁememe%ef&wmd flow and 1nte ral turbulence Characterlstlcs usin ﬁeld

measurements from the NSO. Sonic anemometer measurements at 3.5, 5 and 7 m were used to
e

nmean-wind-and-under near-per endlcular inflow conditions Wlth artlcular emphasis on th
hleldln effects of u stream collectors and the downstream evolution of turbulence




by approximately 21-80% relative to the inflow reference speed measured at 7 m, depending on
height and downstream position. Mest-ef-thisreduetion-oecenrred-behind-The largest reduction

Wm the first row, whﬂe—‘ehe—me&ﬁewmdﬁpeed%behmé—‘eheﬁeeeﬂdﬁ}ﬂé

WMW&MMWM&%W
deviations of approximately —98° and —85° were observed at 3.5 and 5 m—Fhe-wind-direetion
partiallyreeovered-fartherin—+the, respectively, with partial recovery further downstream. The
ineidenece-angle-deviation{flow inclination angle also reached approximately 10° at 3.5 mwhieh
indieates-aslightly non-horizontal-flow-, indicating substantial vertical flow deflection within the

wake.

At-3-5-and-5-mthe The standard deviations of the streamwise (uand-) and lateral (veemponents
deefedeeér veloc1t components decreased at 3. 5 and 5 m but increased at 7 m relative to

mmmmwwm
of the first row. with relatively little variation across subsequent rows. In contrast, eg-inereased

the standard deviation of the vertical com onent w 1ncreased by 30— 100% across the
measured heights, with 3
wmx 5 m. The a’v%&bl&ﬂ%&%emeﬂﬁ

e A
O G a cl a Cw © W a1 ont—wa OCa O . OweVv )

MWWWWM
further departures from Gaussian behaviour within the wakes, highlighting the anisotropic and
intermittent nature of the velocity fluctuations.
%WWWMMW
three-dimensional wake ;
ﬁem Wthh the @em

evolve differently downstream. While the mean wind speed and horizontal velocity fluctuations
han e primaril behlnd the first row&ﬂé%—ehaﬁgesrﬁ%}eﬁ&%heedewnsﬁe&&h%%%ﬂﬁé%m

L. vertical fluctuations continue to_develop further downstream. This behaviour suggests
the onset of flow adjustment to_the aerodynamic resistance of the collector array, although
the available measurements cannot_establish whether equilibrium is reached within the first
three rows. Future investigations should consider a wider range of inflow wind directions and
additional downstream positions. Spectral analysis would also help clarify how the observed
changes in turbulence are distributed across frequencies.

Data availability
The wind and structural load data used in this study are openly available in the repository [22]
associated with the publication by Egerer et al. [13].
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