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Previous simulations have shown that wind farms have an impact on the near-
surface atmospheric boundary layer (ABL) as turbulent wakes generated by the turbines
enhance vertical mixing of momentum, heat and moisture. These changes alter
downstream atmospheric properties. With the exception of a few observational data sets
that focus on the impact to near-surface temperature within wind farms, little to no
observational evidence exists with respect to vertical mixing. These few experimental
studies also lack high spatial resolution due to their use of a limited number of
meteorological sensors or remote sensing techniques. This study utilizes an instrumented
small unmanned aerial system (sUAS) to gather high resolution in-situ field
measurements from two state-of-the-art Midwest wind farms in order to differentially
map downstream changes to relative humidity. These measurements are complemented
by numerical experiments conducted using large eddy simulation (LES). Observations
and numerical predictions are in good general agreement around a single wind turbine
and show that downstream relative humidity is altered in the vertical, lateral, and

downstream directions. A suite of LES is then performed to determine the effect of a



turbine array on the relative humidity distribution in compounding wakes. In stable and
neutral conditions, and in the presence of a positive relative humidity lapse rate, it is
found that the humidity decreases below the turbine hub height and increases above the
hub height. As the array is transitioned, the magnitude of change increases, differentially
grows on the left-hand and right-hand side of the wake, and move slightly upward with
downstream distance. In unstable conditions, the magnitude of near-surface decrease in
relative humidity is a full order of magnitude smaller than that observed in a stable

atmospheric regime.
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CHAPTER I

INTRODUCTION

1.1 Background

In 2008, the U.S. Department of Energy (DOE) issued a report [1] that laid out a
vision for 20% of the nation’s electricity supply to be fulfilled by wind energy by the year
2030. A 2015 DOE update [2] to this report demonstrated the viability of wind power
supplying 10% of the nation’s electricity supply in 2020, 20% in 2030, and 35% in 2050.
In May 2016, the U.S. Energy Information Administration issued their International
Energy Outlook 2016 (IEO2016) [3] for international energy markets through 2040. The
IEO2016 reference case forecasts that the total world energy consumption will increase
by 48% from 2012 to 2040. The report documents that non-hydropower renewables
accounted for 5% of total world electricity generation in 2012 and prognosticates that it
will grow to supply 14% of the increased electricity demand in 2040, with much of the
growth coming from wind power. Most recently, on June 29, 2016, in Ottawa, Canada,
leaders from the United States, Canada, and Mexico pledged their commitment to the
North American continent receiving 50% of its electricity supply from clean energy
sources by 2025 [4]. In addition, the cost of wind based generation has dropped by 30%
since 2013 while the capacity factor of wind turbines doubled from 25% to 50% in the
last decade [5]. These technology improvements, coupled with the DOE’s strategic

vision, and the commitment of the world's industrialized nations to increase their
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renewable energy capacity ensures that the number and size of wind farms will continue

to increase.

1.1.1 Wind Energy and the Atmospheric Boundary Layer

The atmospheric boundary layer (ABL) is the portion of the troposphere that is
directly influenced by the presence of the earth’s surface and responds to surface forcings
with a timescale of approximately one hour or less [6]. This lowest level of the
atmosphere, with the Earth’s surface as a boundary, is a spatially and temporally dynamic
region with a variety of scales of motion. Exchanges of sensible heat and humidity
between the ground and the overlying layers directly impact near-surface atmospheric
conditions, which in turn may affect the conditions in the entire ABL and modify the
entrainment from layers above [7]. Observations and numerical simulations have shown
that wakes generated within large wind farms can play a major role in these exchanges.

Turbulent wakes are generated as a wind turbine extracts kinetic energy from the
wind and converts it into rotational energy. Experimental measurement and numerical
simulations have shown that these wakes modify surface temperatures and land-
atmosphere exchanges [8], [9]. With the present and planned growth of wind energy,
these modifications, and their impact on the lowest layer of the atmosphere that serves as
host to almost all human activity, needs to be more thoroughly investigated and
understood. Wind turbine wakes have been shown to bring about changes to both the
dynamic and thermal properties of the ABL [10], [11], [12], [13]. Evidence of changes to
near-surface temperatures, via mesoscale modeling [ 14], in-situ measurement [15], and
remote sensing [16] have also been shown to change the mean wind speed, potential

temperature profile, and surface fluxes [17], [18], [19].
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1.2 Previous Research

Even with the widespread deployment of wind turbines, their influence on near-
surface meteorology has only begun to be investigated. A brief summary of the various

approaches found in the literature are detailed in this section.

1.2.1 Numerical Modeling and Simulation

With the present and planned growth of wind energy, and the consequential
deployment of a large number of wind turbines, studies have investigated the climatic
impact resulting from large-scale wind power development [20], [21], [22], [23]. Each of
these studies utilized a global climate model (GCM), with the wind turbines
parameterized as either a combined momentum sink and source of turbulent kinetic
energy (TKE) or, alternatively, as surface roughness elements. These parameterizations
were implemented to analyze the impact of regional to continental scale deployment of
high density wind turbine arrays. Climatic changes were minimal for spatial scales
exceeding that of the wind turbine array with any appreciable change effectively confined
to within the array. Near-surface temperature changes within the wind farm were less
than or equal to one degree Kelvin while more pronounced differences, as would be
expected, were observed for flow characteristics such as wind speed and turbulence.
Results from these models ultimately depend on the fidelity of the model, including the
ocean model, and of the simulated wind turbines. Consequently, several of these studies
have further work planned to update these results with future model enhancements and
more realistic parameterizations.

Mesoscale models, such as the Regional Atmospheric Modeling System

(RAMS), have also been used to study the impact of wind farms on local meteorology,
3



specifically near-surface temperature, humidity, and surface fluxes of sensible and latent
heat [14], [24]. These regional climate models use a subgrid-scale (SGS) rotor
parameterization representing the turbine as either a sink of kinetic energy or momentum
and a source of TKE. In Roy et al. [14], the regional model was enhanced by the
incorporation of an improved rotor parameterization, based on a modern commercial
turbine, and the use of archived atmospheric sounding data for initialization. The
simulation approximated a 7 x 3 array in the middle of a domain representative of flat
terrain at sea-level. The integration of these real-world elements produced (via spatial and
temporal averaging) a slight, but statistically significant, warming of near-surface
temperatures for a stable atmosphere (where relatively warm air resides above cooler air
adjacent to the ground) and a still smaller, but statistically significant, cooling of near-
surface temperatures for an unstable atmosphere (where relatively warm air resides below
cooler air aloft). The magnitude of the surface temperature change was correlated to the
magnitude of the equivalent potential temperature lapse rate, but all temperature changes
were well below one degree Kelvin. Humidity changes were assessed by considering the
surface total water mixing ratio, which represents the amount of moisture present in each
kilogram of dry air. When the ambient mixing ratio lapse rate was negative, indicating an
increase in humidity with height, the wind farm had a net moistening of the near-surface
air. As the converse also held true, it can be stated that surface humidity showed a
statistically significant inverse correlation with the ambient mixing ratio lapse rate.
Hence, it was concluded that enhanced vertical mixing delivers relatively moist air
downward and relatively dry air upward, leading to an increase in near-surface humidity

in the presence of a negative lapse rate. Analogously, a positive ambient mixing ratio
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lapse rate led to a decrease in near-surface humidity following vertical mixing. The
surface sensible heat flux is dependent upon the temperature gradient between the ground
and near-surface air. Similarly, the surface latent heat flux is dependent upon the
moisture gradient between the ground and near-surface air. Fluxes of sensible and latent
heat are therefore affected by changes to near-surface air temperature and humidity.
Consequently, mesoscale models have shown that a wind farm’s effect on near-surface
temperature also brings about changes to the near-surface sensible heat flux, and a wind
farm’s effect on near-surface moisture also brings about changes to the near-surface
latent heat flux.

Parameterizing the wind turbines within the domain as a kinetic energy sink and
TKE source, Baidya Roy et al. [24] first put forth that the aforementioned effects on near-
surface temperature and moisture are brought about by the turbulence produced by the
parameterization scheme. The turbulent wake of wind turbine rotors, consisting of eddies
of several different length scales, enhance vertical mixing. Consequently, in a stable
boundary layer (SBL) turbulent eddies serve to mix warm air downward and cooler air
upward. This dynamic results in a warming of near-surface temperatures. Analogously, in
an unstable atmosphere, enhanced vertical mixing delivers cooler air downward while
mixing warmer air upward. While this dynamic will result in cooler near-surface
temperatures, the decrease in near-surface temperatures was noted to be more muted,
presumably due to the already well-mixed nature of an unstable environment.

A very popular tool, utilized to quantify the changes that occur within the wind
turbine array boundary layer (WTABL), is large eddy simulation (LES). In LES, the
largest turbulent eddies are resolved (explicitly computed) while smaller scales of
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motion, not resolved by the grid, are modeled [25]. With a smaller cut-off length scale for
modeling, LES provides higher spatial and temporal resolution of the structure and
dynamics of the flow within the WTABL compared to global and regional scale models.
Therefore, LES, with its increased capability to simulate and highly-resolve the flow
through the WTABL, possesses the ability to provide additional insight into the impact of
wind farms on local meteorology. Temperature and velocity fields within turbine wakes,
in a stably stratified ABL, have been investigated using LES [26]. Results agree with
lower-resolution model studies that show how enhanced vertical mixing lowers the
temperature above the rotor turbine top tip height and increases the temperature below
the rotor turbine bottom tip height. In a LES investigation, neglecting stratification effects
and specifically aimed at determining whether surface scalar fluxes change in the
presence of wind turbines, results showed an overall increase in scalar fluxes on the order
of 10%-15% within a fully developed WTABL [17].

Alternatively, LES has been used extensively to investigate the effect of the
environment on the WTABL. Since the extraction of kinetic energy from the upstream
flow is used to produce electricity, downstream wake recovery is an important issue in
the development of large turbine arrays. LES has shown that higher levels of upstream
turbulence intensity aid in the recovery of wakes and moves the location of peak
turbulence intensity and turbulent shear stress closer to the turbine [27]. Large wind
farms rely on the entrainment of kinetic energy from surrounding higher-velocity flow for
faster wake recovery. LES has been used to investigate the influence of atmospheric
stability on entrainment and pointed toward stable atmospheric scenarios leading to

reduced entrainment [28] and longer downstream velocity deficits [29]. Alternatively,
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simulations point toward a weaker inversion strength or height [30], or increased positive
buoyancy [31], increasing the entrainment rate and shortening the wake recovery. LES
numerical experiments have also been utilized to explore the role of large-scale flow
structures within the turbulent wake in entrainment [32]. Such numerical experiments
have also demonstrated how synthetic downward forcing of high velocity flow at
upstream wind turbines can enhance kinetic energy entrainment and power extraction

[33].

1.2.2 Measurement

Numerical simulation has been the predominate means for the investigation of
wind farm impacts to local meteorology. Observational data sets are therefore needed in
order to further inform the impact of wind farms on local meteorology. These data sets,
besides being a direct measurement of the environment, serve as a check on model and
simulation output and act as a basis to further enhance these models and simulations.

A pioneering field campaign in 1989 collected temperature measurements within
a wind farm at San Gorgonio, California [34]. Near-surface temperatures exhibited
similar trends to the aforementioned simulations that showed nocturnal and early
morning warming and cooler surface temperatures during daytime hours. Vertical
temperature profiles that were gathered simultaneously further showed that, similar to
numerical simulations, near-surface warming coincided with stable conditions and
cooling was associated with an unstable atmosphere. Although these early observations
reinforce a consistent trend, it is noted that these observations were gathered from a forty-

one row wind farm located in mountainous terrain and composed of 23 meter tall turbines



with 8.5 meter rotor blades. These turbines, very small by today’s standards, were sited
with a relatively close spacing of 120 meters.

In-situ vertical measurements of potential temperature were also undertaken
during the spring of 2012 at a Midwest utility-scale wind farm sited on flat, homogeneous
terrain covered by soy and corn crops [15]. While no discernible change to the potential
temperature gradient was identified over the course of daytime measurements, the
vertical gradient decreased at night. In particular, the authors noted that this change was
brought about largely by the rise of temperatures at 2 meters while hub height values
remained relatively consistent.

During the summers of 2010 and 2011, Crop/Wind-energy Experiment (CWEX)
2010 (CWEX10) and Crop/Wind-energy Experiment 2011 (CWEXI11) took place in
Iowa at a utility-scale wind farm located within an agricultural context. This Midwest site
offered similar cultivar type but variability in soil type and moisture content did exist
within the measurement domain. During the CWEX11 field campaign, leaf wetness
sensors were utilized to study changes to dew duration in the wakes of wind turbines
[35]. Since high humidity and stable conditions are conducive to the formation of dew,
the measurement of dew duration provides another means to study how wind farms lead
to the alteration of local meteorological conditions. A lack of robust data only led to
conditional support that dew duration is shortened in the wake of a wind turbine. This
conditional conclusion may lend support to the theory that wind farms decrease near-
surface humidity. Temperature measurements mirrored the trend of earlier investigations

and showed that wind turbines cause negligible changes to daytime (well-mixed) near-



surface values, but cause substantial increases, of the order of 1.0-1.5 Kelvin, to
overnight (stratified) readings [36].

In support of atmospheric measurement and observation coursework, researchers
undertook a field campaign to measure temperature, atmospheric pressure, wind speed,
wind direction, relative humidity and evaporation at five different weather instrument
clusters positioned around, and within, an Indiana wind farm [37]. Four instrument
clusters were arranged to scribe a square around a large array of wind turbines, with the
fifth cluster roughly centered and situated approximately 4,500 meters away from each
corner. Instrument biases between the center cluster and the four peripheral instrument
stations were acknowledged, but not quantified. However, nocturnal and early morning
warming, along with daytime cooling, consistent with other experimental measurement
and numerical studies, was suggested. Additionally, evidence that air dried as it transited
the wind farm, along with an increase in downstream evaporation rates, was established.
Due to the sparseness of relevant instrument clusters for any given wind direction,
changes to these meteorological parameters lacked good spatial resolution.

With field campaigns being relatively expensive and often times limited in both
duration and breadth of measurement, remote sensing techniques have also been
employed to compensate for the dearth of in-situ observations. Satellite data has been
analyzed over multiple years and seasons to assess how operational wind farms modify
land surface temperatures (LST). With a resolution as fine as 120m, adjacent land pixels,
with and without wind turbines, have been compared [38], [39], along with an analysis of
LSTs of geography before and after wind turbine deployment [16], [40]. Each method

has demonstrated a downwind nocturnal warming trend. This trend was universally found
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during the warm season, with only one study [16] failing to find evidence of this warming
during the December to February time frame. With no evidence of large wind turbine
arrays impacting daytime temperatures, remotely sensed nocturnal temperature increases

were under one degree Celsius.

1.2.3 The Use of UAS in Boundary Layer and Wind Energy Research

Remote controlled (R/C) aircraft were utilized for atmospheric observations as
early as 1970. In a study by Konrad et al. [41], for example, the aircraft was equipped to
record airspeed, vertical speed, dry- and wet-bulb temperatures, pressure and relative
humidity. The need for continuous piloting, and the accompanying inherent flight path
imprecision, along with clunky flight systems and meteorological sensors, stymied the
widespread feasibility of remotely piloted aircraft in field campaigns. Subsequent
development of the global positioning system (GPS), advancements in integrated circuits
and battery technology, and the miniaturization of aircraft systems has now led to the
proliferation of small and affordable unmanned aerial systems (UAS). Commonly
referred to as a drone, a UAS is a system comprised of a number of sub-systems to
include the air vehicle (often called an unmanned aerial vehicle (UAV)), the payload, a
control station (CS) (most often a ground control station (GCS)), aircrew, data link,
launch and recovery equipment, maintenance and support equipment, and an operational
space consisting of rules and regulations [42]. The ready availability of UASs, reductions
in the size of environmental sensors, and the creation of a regulatory environment that
permits commercial operations (including research), have allowed the potential for using
UAS:s in atmospheric data collection, amongst many other uses [43], [44], [45]. Fixed-

wing, versus rotary-wing, UAVs have been the preferred choice to date with early
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adoption of UASs for ABL and wind energy research taking place abroad [46], [47], [48],
[49], [50], [51] and burgeoning use domestically [52] , [53], [54].

A UAS fills an important gap in the suite of instruments available for ABL
investigation. Conventional manned aircraft are unable to operate at the lowest levels of
the ABL due to a myriad of safety concerns. While meteorological towers can be erected
here, and are able to provide high temporal resolution and accuracy, they cannot provide
high spatial resolution and have practical height limitations that are well below the height
of the ABL. Tethered solutions can only offer skewed single column measurements and
similar non-tethered options cannot be precisely controlled. Remote sensing solutions
also possess altitude limitations and decreasing resolution with height. As a result of
these limitations, none of the aforementioned strategies offer insight into horizontal
inhomogeneity or a complete description of the vertical extent of the ABL. Alternatively,
a UAS can be precisely controlled to provide horizontally and vertically continuous
measurements across vast heights (including the vertical extent of the ABL) and distances
conveniently and cost effectively. Infrasonic sensing [55], along with atmospheric
sampling of vertical profiles [56], turbulence [51], [57], marine boundary layers [58],
[59], sea breezes [60], coastal boundaries [61], and temperature fluctuations, for the
assessment of their impact on the propagation of electromagnetic and acoustic waves
[54], have all been successfully accomplished with UAS. UAS have also been exploited
to evaluate numerical weather prediction (NWP) ABL parameterization schemes [62] and
storm forecasting techniques [63], detect underlying surface temperatures [64],
investigate the Arctic [65] and Antarctic [66] ABL, and aid in the calculation of sensible
and latent heat fluctuations [52].
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Multiple studies [67], [68], [69], [70] have demonstrated that in-situ
measurements of atmospheric temperature and humidity, via a UAS, are indistinguishable
in accuracy relative to ground-based remote sensing techniques and traditional in-situ
aerial measurements. Inferred wind velocity, based on GPS ground speed and an assumed
constant UAV true airspeed, has been shown to compare favorably to pilot balloon
ascents tracked by theodolites. UAS sensed temperature and humidity profiles have been
contrasted with radiosonde measurements and have also shown comparable accuracy
[67]. Meteorological towers have also been used, along with remote sensing techniques
[68], to successfully validate UAS acquired temperature, humidity and wind velocity
measurements. D.E. Cook et al. [69] showed that UAS temperature and humidity
measurements were equivalent to ground-based weather stations within a 95% confidence
level and were statistically indistinguishable from concurrent radiosonde measurements.
UAS derived potential virtual temperature data has also been shown to compare well to
both tower and radiosonde derived data [70].

The advantages associated with increased spatial coverage and resolution, along
with the reduced infrastructure and cost afforded by a UAS when compared to
conventional methods, are also beginning to be exploited in wind power meteorology
[71], [72]. Exploiting the flexibility and inexpensiveness of a UAS, this platform has
been leveraged to explore the upstream flow [73] and detailed near-wake structure [74] of
wind turbines. Atmospheric turbulence within a wind turbine array impacts turbine loads
and fatigue, downstream flow recovery, and thus, wind farm layout and productivity. As
a result, UASs are also being utilized to investigate the structure of downstream

turbulence in wind farms [75], [76].
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CHAPTER II

OBJECTIVES

2.1 Research Motivation

In numerical investigations using a mesoscale model, Roy et al. [8], [13] found
that wind farms alter near-surface air temperature and humidity and, in doing so, also
affect surface sensible and latent heat fluxes. Results demonstrate that enhanced vertical
mixing of air with different temperatures and moisture content lead to these changes. As
an aggregate, model runs initialized with a positive mixing ratio lapse rate exhibit overall
downstream near-surface drying, while a negative upstream mixing ratio lapse rate results
in general surface moistening.

The spatially and temporally dynamic character of the ABL, and the many scales
of motion introduced by the presence of utility-scale wind turbines, ensures that
downstream near-surface changes are not spatially uniform. With an absence of higher
resolution numerical studies or experimental measurements in the literature, further

investigation with increased spatial resolution is required.

2.2 Research Objectives

This research investigates how enhanced vertical mixing, induced by utility-scale
wind turbines, alters downstream relative humidity. High resolution in-situ measurements
are made with an instrumented small unmanned aerial system (sUAS) within two state-

of-the-art wind farms. The experimental set up allows for the changes in relative
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humidity to be mapped in the near-wake region of a single wind turbine. Vertical, lateral,
and downstream flight profiles are executed in the near wake region and compared to
upstream values. The suite of absolute temperature and relative humidity profiles is
captured in stable, unstable, and neutrally stable atmospheric stability conditions over the
course of several days. To complement this mapping, LES is utilized to investigate how
compounding wakes, within a 6 x 4 turbine array, contribute to a cumulative change to
near-surface values of relative humidity.

Motivation and goal of research: The primary motivation

for this research is to investigate the impact that enhanced
mixing, brought about by wind turbines, has on near-
surface relative humidity. The principal goal is to map

changes in relative humidity with high spatial resolution.

23 Research Execution
2.3.1 Experimental Measurement

In-situ measurements of relative humidity are gathered via an instrumented sUAS
in two state-of-the-art Midwest wind farms. Within the experimental campaign:

e Vertical, lateral, and downstream profiles are flown in the near wake
region of a utility-scale wind turbine and compared to upstream values.

e The complete suite of profiles are captured in stable, unstable and
neutrally stable atmospheric stability conditions over the course of several
days.

e Measured values of changes in relative humidity are put forth in the

context of an uncertainty analysis.
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2.3.2 Numerical Investigation

A large eddy simulation of a single wind turbine and a 6 x 4 wind turbine array is
undertaken using fixed inflow profiles for humidity, temperature, and wind speed. Within
the numerical simulations:

e The turbine rotor is parameterized using a rotating actuator disk model
that is representative of a utility-scale wind turbine.

e Temperature profiles representative of stable, unstable, and neutral
stability conditions are used.

e The fixed inflow profile assumes a logarithmic velocity profile and
positive specific humidity lapse rate.

e The magnitude of the downstream relative humidity change from a

compounding wake is quantitatively analyzed.

2.4 Presentations and Publications

A list of presentations and publications produced by this research is listed below.

2.4.1 Presentations

1. Adkins, K., Sescu, A., and El Fajri, O., “Analysis of near-surface
relative humidity in a wind turbine array boundary layer using an
instrumented unmanned aerial system and large-eddy simulation,”
69" Annual Meeting of the American Physical Society Division of
Fluid Dynamics, Portland, OR, Nov 20-22, 2016.

2. Adkins, K. and Sescu, A., “Observations of near-surface relative
humidity in a wind turbine array boundary layer using an
instrumented unmanned aerial system,” American Geophysical
Union 2016 Fall Meeting, San Francisco, CA, Dec 12-16, 2016.

3. Adkins, K., Olds, J., and Ellis, C., “Development, testing and use
of an instrumented unmanned aerial system to investigate changes
to the near-surface meteorology within a wind farm,” Association
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for Unmanned Vehicle Systems International Xponential 2017,
Dallas, TX, May 8-11, 2017. (accepted)

2.4.2 Publications

1. Adkins, K., Sescu, A., “Differential mapping of relative humidity
in the near-wake region of a wind turbine using an instrumented
unmanned aerial system,” Int. J. of Green Energy, under review.

2. Adkins, K., Sescu, A., “Analysis of near-surface relative humidity
in a wind turbine array boundary layer using an instrumented
unmanned aerial system and large-eddy simulation,” Renewable
Energy, under review.

3. Adkins, K., Olds, J., and Ellis, C., “Development, testing and use
of an instrumented unmanned aerial system to investigate changes
to the near-surface meteorology within a wind farm,” Proceedings

of the Association for Unmanned Vehicle Systems International
Xponential 2017, Dallas, TX, May 8-11, 2017. (accepted)
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CHAPTER III

METHODOLOGY

3.1 Experimental Campaign

The measurement campaign took place during the period of May 24 — 27, 2016
within two recently developed Midwest wind farms. An instrumented quadcopter style
sUAS was utilized for in-situ measurement of both temperature and relative humidity.
The UAYV flew a prescribed flight plan with the objective of collecting data in a stabilized

hover at points both upstream and downstream of designated upstream wind turbines.

3.1.1 Wind Farm Setting

The wind farm in which most of the measurements were made consists of 44
General Electric (GE) 1.7 megawatt (MW) wind turbines. The GE 1.7 MW turbine is a
three-blade, horizontal-axis wind turbine with active yaw control to keep the rotor
continuously pointed into the wind [77]. The GE 1.7 MW turbine is designed with a 100
meter rotor diameter and hub heights of 80 and 96 meters. While both hub heights are
represented within the wind farm, the 80 m hub height is more predominate and was
utilized. To investigate the effect that a different hub height has on changes to near-
surface relative humidity, limited measurements were also made within an adjacent wind
farm. This wind farm was composed of 15 Gamesa G114 wind turbines. The G114 is a
2.0 MW, three-blade, horizontal-axis wind turbine with active yaw control. The turbine

tower is 93 meters in height and is fitted with three blades that create a 114 meter rotor
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diameter [78]. Each wind farm is hosted in a largely agricultural setting with residential
homes sparsely distributed throughout. Each turbine around which measurements were
made was situated upstream of all other turbines during the time at which measurements
were made. The general topography of the region, and specifically the zones in which
measurements were taken, is flat, dry land with similar cultivar. During the course of the
campaign, the ground adjacent to the GE 1.7 MW wind turbine was uniformly covered by
soybeans approximately three inches in height; the G114 wind turbine was surrounded by

sugar beets approximately two to three inches in height.

3.1.2 Synoptic and Local Meteorological Conditions

A dome of high pressure had dominated the region during the days leading up to
the field campaign. As the campaign commenced, warm and moist air advected into the
region on the backside of the departing high. This warm and moist airmass characterized
the conditions for the duration of the campaign. As the area of high pressure moved
further southeast, a low pressure system tracked north of the region. This brought about a
modest increase in south and southwesterly winds during the middle portion of the
measurement period. Concurrently, an associated weak cold front approached the region
and stalled just north of the measurement zone. This brought about minor low-level
instability before retreating as a warm front. The departure of this frontal boundary left

warm air and light southerly flow for the remaining portion of the field campaign.

3.13 UAS Operations

All experimental measurements were made using an instrumented sUAS. In the

absence of state and local legislation, the Federal Aviation Administration (FAA)
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singularly regulates UAS operations. The research nature of the operation classified it as
a commercial operation. Consequently, requisite exemptions, authorization and
registration was obtained from the FAA (Appendix A, B, C). Restrictions placed on this
authorization curtailed flight greater than 400 feet above ground level (AGL).
Consequently, turbines with an 80 meter hub height were intentionally sought out for the
majority of the measurements in order for the UAS to sample the largest possible vertical
swath of the downstream rotor swept area. GE 1.7 MW wind turbines with an 80 meter
hub height have a top turbine tip height of 130 meters, or roughly 427 feet. This left only
the top 27 feet of the vertical rotor swept area unavailable for investigation. The larger
Gamesa G114 wind turbines have a top turbine tip height of 150 meters; thus, the top 30
meters of the rotor swept area was unsampled for these limited measurements.

Early in the planning phase of the field campaign, permission was secured from
all landowners whose property lay underneath the flight path of the UAV or could be
observed from the vantage point of the UAV. Prior to the commencement of flight
activity, an initial site survey was undertaken to identify potential flight safety hazards.
Following the identification of operational risks, a crew briefing took place to coordinate
operations and mitigate risk. A ground perimeter was established under the area where
take-off and recovery operations were planned in order to maintain positive control and
keep nonparticipants safe. Notice to Airmen (NOTAM) were checked for the existence of
any Temporary Flight Restrictions (TFRs).

All flight crew members possessed extensive training with respect to UAS
operations, including certification from the Unmanned Safety Institute (USI) in UAS
Safety, Vehicle Systems and Vehicle Operations.
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3.14 System Description

A popular quadcopter, the DJI Inspire 1, was instrumented to make all
experimental measurements. This platform was readily available off-the-shelf, lent itself
well to the requisite instrumentation, offered ease of use, and the ability to hover in a
stable manner. The instrumentation suite included a temperature and relative humidity
measurement probe, along with an Arduino microcontroller, a GPS receiver, a SD card

module, and a 9 VDC power source for data logging and supplying power to the sensor.

3.14.1 System Design
3.14.1.1 Instrumentation mount

For the purpose of making measurements, the DJI Inspire 1 had to be fitted with
an instrumentation mount and sensors. The instrumentation mount, shown in Figure 3.1,
was uniquely designed for the field campaign’s specific purpose and sensor suite. Prior to
fabrication, a series of test flights were undertaken to determine the height, above the
UAV fuselage, at which both an onboard temperature and relative humidity sensor would
not be influenced by the flow induced by the quadcopter’s rotors. When the gear to which
the motors and rotors are attached remained unretracted, the sensor values corresponded
to that of adjacent ambient air when they were placed greater than four inches above the
UAV fuselage. The sensor is vertically oriented with the bottom part of the sensor
secured at this level, thus providing additional vertical separation. An analogous test was
performed, with rotors turning, following mount fabrication with the aircraft in a
representative final flight configuration. Each of these trials showed that the onboard
instrumentation produced values equivalent to the ambient environment at the same

altitude. The mount platform was specifically designed to host the temperature and
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relative humidity probe on the top shelf and the data logging components and power
source on a lower shelf. The mount was designed to maintain the payload’s mass over the
vehicle’s center of gravity. Consideration was also given to ensuring adequate airflow
around the Arduino microcontroller and the sensor while maintaining a sufficient
distance between them so as to not contaminate the sensors’ reading. The mount was
designed to attach to the vehicle at existing structural junctions and, once finalized, was
3-D printed out of a translucent thermoplastic. The instrumentation mount and UAV are

shown in Figures 3.1 and 3.2 respectively.

Figure 3.1  Instrumentation mount design.
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Figure 3.2 Instrumentation mount attached to the UAV.

3.14.1.2 Sensors

Temperature and relative humidity measurements were obtained with a high
accuracy meteorological probe containing a resistor temperature detector (RTD) and a
capacitive humidity sensor respectively. The temperature and relative humidity sensor
weighs 10 grams and is enclosed in a white polycarbonate housing with a 40 pm dust
filter. An RTD measures temperature by correlating temperature to the temperature
dependent resistance characteristics of a live metal conducting element. A platinum RTD
is used for all temperature measurements. A capacitive humidity sensor consists of a
hygroscopic dielectric material placed between a pair of electrodes. A polymer serves as
the dielectric material in the chosen humidity sensor. As relative humidity changes, the
amount of water molecules absorbed by the polymer changes the dielectric constant and
thus the capacitance. Resistance and capacitance change in a near linear fashion with
temperature and relative humidity respectively [79]. A capacitive sensor is a good choice

for an unsterile environment or when condensation is possible but was specifically
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chosen for its strong performance with respect to accuracy, repeatability, stability and fast
response.

The probe is factory calibrated and delivered with a factory calibration certificate.
The sensors' uncertainty is based on a standard uncertainty multiplied by a coverage
factor of k = 2, providing a level of confidence of approximately 95%. Temperature
measurements enabled the calculation of a temperature lapse rate for the assessment of
atmospheric stability. For the range of temperatures experienced during flight operations,
temperature measurements have an uncertainty of 0.1 K. Relative humidity
measurements have a varying uncertainty that is a function of both temperature and
humidity. For the range of conditions experienced during flight operations, uncertainty
values varied from 0.39% - 0.5% RH.

The probe is factory calibrated with a supply voltage of 3.3 VDC and the
aforementioned accuracy for the probe is only achieved when the probe is supplied by a
voltage within the range of 3.3 - 5 VDC. To maintain this level of sensor performance,
the voltage regulator on the Arduino microcontroller, used to process the sensor output,
for data logging and to power the meteorological probe, was set-up to provide 3.3 VDC.

A sensor’s output does not reflect its input immediately. The time it takes for a
sensor to approach its input is quantified by its response time. The humidity sensor has a
longer response time than the temperature sensor, quoted by the manufacturer to be 15
seconds. A capacitive humidity sensor, such as the one used, generally has a much longer
response time for decreasing humidity levels compared to environments where humidity

increases. Thus, the response time is determined through consideration of this worst case,
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decreasing humidity level, scenario. Consequently, 16 second data records were taken,

once a stabilized hover was realized, with only the last measurement utilized.

3.14.1.3 Data logging

An Arduino Uno Rev 3 microcontroller is utilized for onboard data logging. The
Arduino microcontroller board is housed in a plastic protective case that also
accommodates the 9 VDC power source and hosts a microSD card breakout board for
data storage. On top of the plastic housing a 3DR uBlox GPS module is mounted to allow
for time stamping of temperature and humidity data. Because the UAV carries its own
data logger, along with the ability to time stamp the data, telemetry or remote collection
schemes were unnecessary.

Interfacing the temperature and humidity sensor with the Arduino microcontroller
required the use of a bulkhead adapter. This adapter, in conjunction with the
manufacturer’s wiring diagram, allowed for a proper hardware interface. Since less than 7
VDC may not provide the Arduino’s 5 V pin with adequate voltage and greater than 12
VDC may result in the voltage regulator overheating, a 9 V battery is used to supply
external power to the microcontroller. This concurrently allows the Arduino to supply 3.3
VDC to the sensor, ensuring the manufacturer’s quoted accuracy. In turn, the
meteorological probe provides a 0-1 V analog output. With a sensor operating range of -
40 — 60 °C for temperature and 0-100% for humidity, a 0.6 V output was equated to 20
°C and 60% relative humidity. The Arduino processes data based on 5 V and 1024 bits of
information. Consequently, this allows 1024 discrete analog levels to be detected. A data
logging code was written and uploaded to the Arduino that converted the analog voltage

to digital temperature and humidity values (the code is available in Appendix D).
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The interfacing of a SD card and GPS module with the Arduino provided a way
to capture and store data on board the aircraft. Using an existing Arduino SD card library,
a SD card model was interfaced with the Arduino, thus allowing data to be written to and
saved in a .csv file. The cycling of power creates a break in the log file that can be used to
distinguish separate sorties. Interfacing a GPS module with the Arduino allowed for all
data to be time stamped. The use of GPS time negated the need to initiate a system clock
and provided an easy strategy for ground crew to note seminal events. In addition,
besides time stamping data, the GPS receiver specifies, per the National Marine
Electronics Association (NMEA) format, the following information:

e Latitude

e N/S hemisphere

e Longitude

e E/W hemisphere

e Fix quality

o 0=invalid
o 1=GPS fix
o 2 = Digital GPS (DGPS) fix

e Number of satellites

e Horizontal dilution of precision (HDOP)

e Mean sea-level (MSL) altitude in meters

e Height above the WGS84 datum in meters

e Time since last DGPS update

e DGPS reference station ID
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e Checksum
From the NMEA sentence, time, latitude, longitude, hemisphere, fix quality, along with
MSL and WGS84 altitudes were extracted and written. This allows another way,
principally through a latitude and longitudinal coordinate, to associate the data during

post-processing.

3.1.4.2 System Validation

Prior to the field campaign, the UAV was flight tested, per the requirement of the
Section 333 exemption, and the UAS operationally checked. The fully instrumented
UAYV underwent increasingly sophisticated maneuvering, commencing from a simple
hover and proceeding to maneuvers that reflect those anticipated during execution of the
flight plan. This was accomplished in a slow, progressive manner to ensure that the
vehicle retained its stability. Once confidence was gained in the platform, the data
acquisition system was operationally checked during flight. The fully configured

platform is shown in Figure 3.3.
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Figure 3.3  Fully instrumented UAYV in flight configuration.

3.1.5 Flight Plan

Constrained by the FAA’s altitude restriction and with the motivation to sample
as much of the downstream rotor swept area as possible, wind turbines with an 80 meter
hub height were intentionally sought out for the majority of testing. With the objective of
calculating differences in upstream and downstream relative humidity, an easily
accessible area with uniform topography and surface moisture characteristics, along with
the absence of other natural or man-made flow disturbances at the ground, was identified.
Due to the concurrent ability to easily access a 93 meter hub height turbine within close
proximity, limited measurements were also taken around this taller turbine. Due to the
higher top tip height, and the FAA regulations in place at the time of the field campaign,
a smaller percentage of the rotor-swept area of the 93 meter hub height wind turbine was
sampled. Schematics of the foundational profiles flown around the wind turbines are

shown in Figures 3.4 and 3.5 with measurement points represented by white dots.
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Figure 3.4  Front-angled view showing basic flight profiles, and measurement points,
flown around wind turbines.

Figure 3.5  Rear-angled view showing basic flight profiles, and measurement points,
flown around wind turbines.

Basic flight profiles consist of sweeps made in the vertical, downstream and

spanwise directions. Vertical measurements, spanning from 2 to 120m in altitude, are
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made at 2 rotor diameters up and downstream of the turbine. Measurement points are
spaced 5m apart up to the lower rotor hub height of 80m and then spaced at 10m intervals
up to 120m. Downstream points, beginning 50m aft of the rotor plane, are made at an
altitude equal to the bottom turbine tip height. Measurements are made every 25m
downstream through 300m. Beyond 300m, measurements are made every 50m through
500m. This distance still ensures that visual line of sight (VLOS) is maintained with the
UAV. Lateral measurements are also made at the bottom turbine tip height, at a
downstream position of 2 rotor diameters, and are spaced 10m apart out to 90m on either
side of the turbine hub. This brings lateral measurements out 40m on either side of the
rotor shadow.

A launch and recovery zone was established per the best practice
recommendations of the Unmanned Safety Institute (USI), a professional training
organization for UAS operators [80]. The launch and recovery zones were composed of
two distinct areas, referred to as Zones A and B. Zone A is an area for crewmembers to
remain clear of when the system is on the ground with rotors turning. The perimeter put
forth for this area is 10 times the UAV diameter. Only crewmembers associated with the
starting and launching of the system are allowed inside this area. Zone B consists of a
larger outer perimeter that is clear of both spectators and hazardous terrain. The
dimension put forth for Zone B is the greater of 150 feet on the upwind side of the launch
and recovery point or 100 times the UAV diameter. For this purpose, the greatest
dimension of the Inspire UAV was taken to be 3 feet. Therefore, Zone A was established

with a 30 foot radius and Zone B with a 300 foot radius.
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3.2 Simulation and Modeling

In the absence of an analytical theory, numerical simulation can be used to
provide qualitative and quantitative insights into complex unsteady flows, including
turbulent flows through wind farms. Numerical simulation of turbulent flows, such as the
flow within a WTABL, sets out to solve the time dependent Navier-Stokes equations
using one of three computational strategies. At the top level, direct numerical simulation
(DNS) involves no approximation or averaging, and is aimed at predicting all turbulent
length and time scales in the flow through high-order spatial and temporal discretization
schemes. While DNS produces one manifestation of the turbulent flow accurately, the
very high computational expense makes it presently impractical for realistic applications,
such as the WTABL, because the number of grid points scales with Reynolds number to
the power of 9/4 [81]. At the lower level, the Reynolds-averaged Navier Stokes (RANS)
strategy models the flow by decomposing the dependent variables into mean and
fluctuating parts [81]. The mean portion of the flow is predicted by solving the time-
averaged Navier-Stokes equations while the contribution of the fluctuating, or unsteady,
part to the flow is introduced through turbulence modeling. RANS solvers are very
efficient in terms of the required computational resources, but turbulence models
introduce a high level of approximation. Finally, the third strategy, large-eddy simulation
(LES) provides an intermediate level of approximation of the turbulent flow. The

numerical experiments conducted for this work are accomplished using LES.

3.2.1 Large Eddy Simulation

LES resolves the large turbulent eddies under the assumption that the large scales

are dependent on the aggregate flow and models the smaller scales of motion based on
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Kolmogorov’s assumption that they are isotropic and more common in their character
[82]. These tenets are the result of a unidirectional energy cascade that transports
turbulent energy from the largest, anisotropic, energy containing eddies to smaller,
isotropic eddies affected by viscosity. LES partitions the resolved and residual velocity
and scalar fields, such as temperature and humidity, by filtering. The filtered turbulent
flow field consists of a wide range of turbulent scales greater than a scale found within
the inertial subrange, where energy travels from larger to smaller eddies. The scales lost
by the filtering process are statistically invariant, with a few exceptions (such as the flow
in the vicinity of a solid boundary), and consequently lend themselves more readily to
modeling [25]. Hence, LES simulates large eddies and their interaction with the

parameterized smaller scale eddies.

3.2.11 Governing Equations

LES produces time dependent, three-dimensional solutions to the filtered Navier-
Stokes equations representing the transport of mass, momentum, and energy. The filtered
LES version of the Navier-Stokes equations for incompressible, high Reynolds number

(Re) ABL flow in this investigation are:

ou;
=0 G.1)
ow; | . oW; _  19p 0%y 8-(0) ~
S T a_x,l- = oo ox +5i3g6—0+fc€ij3(uj-ugj) + fréia (3.2)
¢ L 5 0% _ _0mj (3.3)
ot 7 ox; ox; '

where the coordinate system is defined as x;(i = 1,2,3) = (x,y,z) withx and y

representing horizontal coordinates (x being oriented in the streamwise direction) and z
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denoting the vertical coordinate, and the tilde and the angle brackets represent spatial
filtering and horizontal averaging, respectively, #@; (i = 1,2,3) is the velocity vector field
with components in the streamwise, lateral, and vertical direction, 6 and 0, are the
resolved potential temperature and the reference temperature, respectively, f. is the
Coriolis parameter, g is the gravitational acceleration, &;; is the Kronecker delta, &y is

the alternating unit tensor, and f7 is a forcing term modeling the effect of the wind
turbines. In this study, the assignment of z = 0 is associated with the ground surface.
Equation 3.1 is the filtered conservation of mass equation, Equation 3.2 is the filtered
momentum equation, with the Boussinesq approximation and Coriolis terms included,
and Equation 3.3 is the transport equation for a scalar, ¢, which in this study can

represent either potential temperature, 0, or specific humidity, q. In the aforementioned

—_~

equations, T;; = U;u;-U;U; is the SGS Reynolds stress resulting from the filtering of the

nonlinear terms in the original Navier-Stokes equations, and m = l’l}é—ﬁjé is the SGS flux
of heat or humidity resulting from the filtering of the convection terms in the scalar

transport equation (both SGS quantities need to be modeled to close the set of equations).

3.2.1.2 Subgrid-scale Modeling

Unresolved scales are more isotropic in nature, and are, therefore, more amenable
to parameterization. Smagorinsky’s eddy viscosity model [81] is one of the most popular
models, based on the assumption of the instantaneous and complete dissipation of all
energy that cascades downward from the larger to the smaller scales until it reaches the
viscous dissipation scale. The SGS Reynolds stress, 7;;, representing the residual stress
left over following filtering of the momentum equations, is parameterized in order to
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bring about closure of the governing equations. Within the Smagorinsky eddy viscosity
model, the SGS Reynolds stress, 7;;, is expressed as:

T = —2vrS; (3.4)
while the SGS flux of heat or humidity is represented via the SGS eddy-diffusivity model

as

mj = _vr 96 (3.5

Prr 0x Ji
where S; ; 18 the mean strain-rate tensor, Pry is the SGS Prandtl number, and the eddy, or

turbulent, dissipative viscosity, vz, is represented by:

Vr = (CSDZ ’Z‘STU.S_YU (36)

In Equation 3.6, Cs is the Smagorinsky coefficient, and I is a length scale at which
energy is passed from the resolved to the subgrid field (hence making it a function of the
filter width, A) [83]. The specification of the Smagorinsky coefficient is one of the main
challenges of the models that use the eddy-viscosity/diffusivity hypothesis, only having a
well-defined value for isotropic turbulence [84]. In this study, the magnitude of the
Smagorinsky coefficient is determined dynamically using a Lagrangian scale-dependent
model as developed by Porte-Agel et al. [85] and extended to scalar transport equations

by Bou-Zeid et al. [86].

3.2.1.3 Boundary Conditions
The system of equations of motion and scalar transport require both boundary and
initial conditions. Output from a concurrent precursor simulation with periodic boundary

conditions in both horizontal directions is used to provide realistic inflow conditions to

33



the main simulation that include wind turbines [87]. Velocity and scalar fields from the
end of the precursor simulation’s turbulent ABL domain, absent of wind turbines, are
written to the end of the main domain, containing wind turbines, and are blended with the
WTABL flow. This subsequently creates a turbulent inflow, through a periodic boundary
condition, for the first row of wind turbines. LES results utilizing this precursor strategy
have been shown to be in good agreement with field data [87].

Due to the Coriolis effect, the direction of the wind changes with height in the
ABL, subscribing to an Ekman spiral. This presents a challenge in trying to align the
geostrophic velocity components to achieve the desired flow direction at hub height. For
the simulations, an adjustment to the geostrophic wind direction is accomplished through
manipulation of a Coriolis force source term in the momentum equations in order to
achieve the desired hub height flow direction [88]. Once the simulation reaches a fully-
developed state, this term is deactivated in order to avoid unrealistic dynamics.

In addition to the stream-wise periodicity previously described, a periodic
boundary condition also wraps the domain boundary from one lateral boundary to the
other. A top boundary is established well above the top of the simulated ABL, with the
condition that no flow passes through the boundary and that all vertical gradients vanish.
An effective top of the ABL, isolating it from the top boundary of the domain, is
specified via a capping inversion created by a temperature gradient. A source or sink of
heat is introduced above the top of the ABL within the precursor simulation to enable the
desired atmospheric stability [88]. The lower boundary condition is defined by the
standard logarithmic Monin-Obukhov similarity theory [89], [90], [91], [92], [93] (see
equations 3.7-3.9). A constant potential temperature and specific humidity flux are
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assigned to the surface. Figure 3.6 illustrates the boundary conditions associated with the

precursor and main simulation.

lateral periodic
boundary condition

streamwise periodic boundary condition streamwise periodic boundary condition lateral periodic

(creates turbulent inflow) I boundary condition

Velocity and scalar fields from end of precursor domain
blended and written to the end of main simulation

Figure 3.6  Boundary conditions for the precursor and main simulation.

3.2.14 Numerical Method

The LES code used in this research features a Fourier-based pseudo-spectral
method in the horizontal directions, where operations are exchanged, based on ease,
between physical and spectral spaces [94]. A second-order accurate, centered difference
scheme is used in the vertical direction. This centered difference scheme requires the use
of a staggered grid in the vertical direction. Here, the vertical component of velocity is
located on a cell face with all other variables located at cell centers, with the exception of
the surface values of temperature and moisture that are referenced to the physical surface
at z=0.

With the high Reynolds number flow associated with the ABL, flow within close

proximity to the ground cannot be resolved. Assuming a homogeneous surface and using
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a uniform vertical grid, wall modeling from Monin-Obukhov similarity theory [89], [90],
[91], [92], [93] is used. Monin-Obukhov similarity theory relates the instantaneous
surface stresses, T13|,=0, T23|,=0, to the instantaneous velocity components, u;, at the first

vertical grid point by:

2
. — _2& KV n
Tl3|Z=0 = —Ux Vf - [ln(%)_qul Vf (37)

where u, is the friction velocity, k is the von Karman constant, taken to be 0.4, Wy, is the
momentum stability correction function, zy is the effective roughness length, and V7 is the

locally filtered horizontal velocity at the first vertical grid point defined as:

v = [a1 (%)2 + i, (%)2] (3.8)

Differences in the properties of the underlying surface and overlying atmosphere
determine the direction and magnitude of surface fluxes. The LES code sets up a constant
flux layer using Monin-Obukhov similarity theory where the surface heat flux is
computed as:

u.k(0s-0)

ln(i)—‘PH

W'0') ;=0 = (3.9)

Here, 6, is the imposed surface potential temperature, 8 represents the resolved potential
temperature at the first vertical grid point, z,, is the scalar roughness length equal to
0.1z9, and Wy is heat flux stability correction function [17], [13]. A similar approach is
applied to the specific humidity at the surface.

Velocity and scalar fields are integrated in time using a second-order accurate

Adams—Bashforth scheme. The second-order Adams method approximates the integrand
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with a first-order polynomial, or linear interpolant. The Adams-Bashforth method is fully
explicit [95].

To more efficiently handle the large number of grid points, and associated
calculations, the LES code has been parallelized to take advantage of the power of
parallel computing. The domain is decomposed by taking a specified number of two-
dimensional horizontal slices through the entire domain. Distributed machines are linked
by the message-passing interface (MPI) standard. The LES code is based on a previous
algorithm that was also utilized by Calaf et al. [11], [17], with various augmentations

implemented in the code to facilitate its use on more complex applications.

3.2.1.5 Wind Turbine Parameterization

The accuracy of LES of a WTABL depends on both the modeling of the SGS and
wind turbine induced forces. A wind turbine extracts kinetic energy from the wind and
converts it into mechanical energy. The LES code parameterizes this energy extraction
process in the absence of turbine design specifics and models the wind turbines by the
Actuator (drag) Disc Method (ADM). The ADM is a common, straightforward and
proven approach in numerical modeling [96], [97].

An ADM with rotation (ADM-R) similar to that found in [96], [98], [99] is

implemented in these numerical studies. According to this parameterization, the rotor

disk is divided into a number of annulus segments, of spanwise length D7, within which

lift and drag forces are individually evaluated. The resultant lift and drag forces per rotor

annulus segment of spanwise length Dr can be determined from

Fy zlpoVrichﬁ (3.10)
2 2mr
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and

F, =lp0Vrich£ (3.11)
2 2mr

respectively, where p, is the density of the air, V,.,; the relative velocity of the blade
segment, ¢; and cp, are the lift and drag coefficients, respectively, of the blade element, B
specifies the number of blades, ¢ represents the chord length, and  is the radial
coordinates with respect to the location of the blade element. These forces are projected
onto the axial and tangential directions in order to represent the effect on the flow,

F, = F, cos(¢) + F,, sin(¢) (3.12)

F,. = F, sin(¢) — F,, cos(#) (3.13)
where @ is the angle between the rotor plane and the flow velocity relative to the rotor

blade, estimated as

o= tanl( Py j (3.14)

with V; being the tangential component of the induced velocity. In Meyers and
Meneveau, 2010, 2013 [98], [99] the axial (or thrust) and tangential forces were

expressed as

F,=LpCla) 4 (3.15)

2 4 *rotor

jo poClit) @), A (3.16)

2 QI" rotor
where averaging both in time (represented by bar) and over the disk area (angle brackets
and subscript ‘d’) are applied to the velocity normal to the rotor disk. €' and C'p are

modified thrust and power coefficients (linked to the lift and drag coefficients and the
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geometry of the blade), respectively. Each of these are evaluated based on the velocity at
the disk, as opposed to using the undisturbed upstream velocity at the hub height, which
is associated with the usual thrust and power coefficients Cr and Cp. The relationship

between the two sets of thrust and power coefficients is given as
C,=(-a)’C, (3.17)

C,=(-a)’C, (3.18)
Given C,, C, and a from experimental measurements, the thrust and power

coefficients C and C}, can be determined, and the forces acting on the flow can be

updated. To avoid Gibbs oscillations on the LES grid, the forces are filtered via a

Gaussian convolution filter [100].

3.2.1.6 Simulation Cases

Simulations are performed for both a single wind turbine and a wind turbine array
in stable, unstable and neutrally stable atmospheric regimes. An unstable simulation was
created with a negative temperature lapse rate of 2 °C in the first 300 m. This temperature
gradient is representative of the various stable lapse rates observed during the field
campaign. Presuming that the greatest effect on relative humidity will be observed during
stable atmospheric conditions, due to stratified nature of the ABL, LES of the turbine
array was executed with a negative lapse rate of both 1 and 2 °C in the first 300 m.
Unstable and neutral ABL scenarios were created with a positive temperature lapse rate
of 1.13 °C in the first 100 m and equal to the dry adiabatic lapse rate (DALR)

respectively.
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Replicating the turbine around which most measurements were made, all
simulations were implemented with 80 m hub height, 100 m rotor diameter wind turbines
having a thrust coefficient of 0.81. A positive lapse rate of .5 g/kg in the first 400 m was
instituted for specific humidity. A logarithmic inflow wind profile was imposed that
resulted in a 6 m/s wind speed at hub height. A constant potential temperature of 300 K
and a constant specific humidity flux of 0.01 g/kgem/s were imposed at the ground level.
The thrust coefficient was obtained from GE as a function of hub height wind speed.
With a logarithmic inflow profile for wind that results in a 6 m/s hub height value, a
thrust coefficient of 0.81 was used.

Simulations for a single wind turbine were executed within a domain having
downstream, lateral and vertical dimensions of 1500 m x 400 m x 400 m respectively.
Single wind turbine simulations were constructed on a grid of 128 x 64 x 96 equally
spaced points. As a result, the grid structure on which all single wind turbine simulations
were executed had a resolution of 11.7 m x 6.3 m x 4.2 m. The domain size for the
simulation of WTABLSs depended on the type of thermal stratification, with an increased
vertical dimension used for neutral and unstable stratifications allowing for the increased
depth of the ABL to be adequately captured. 7 x 4 wind turbine arrays in a stably
stratified environment were constructed within a domain of 3600 m x 1600 m x 400 m
and built on a grid consisting of 192 x 128 x 96 points. This provided a resolution of 18.8
m x 12.5 m x 4.2 m. Neutral and unstable WTABLs were built within a domain of 3600
m x 1600 m x 1200 m. Therefore, 6 x 4 wind turbine arrays in a neutral or unstable ABL,

had a resolution of 18.8 m x 12.5 m x 12.5 m. For all thermal stratifications and array
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configurations, wind turbines were spaced 650 m apart in the downstream, and 400 m in

the lateral, direction.
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CHAPTER 1V

RESULTS AND DISCUSSION

4.1 Experimental Measurement

During the time period of May 24 — 27, 2016, between morning and evening civil
twilight, multiple flights were carried out around wind turbines at two different wind
farms. Concurrent temperature measurements that were taken during each flight were
used to characterize the atmosphere’s static stability. All points flown within a paired
upstream and downstream profile were flown within a 10 — 15 minute timeframe. Select
data points, that were captured early-on in each flight, were re-flown at the conclusion of
the flight to ensure a quasi-static atmosphere during any given flight. Over the course of a

given flight, freestream atmospheric conditions showed very little variation.

4.1.1 Test for Statistical Significance

Statistical significance quantifies how likely a result is not associated with
random chance. Conversely, the p-value represents the probability that random chance
explains the result. A paired t-test was used to test for the statistical significance of the
change in observed upstream and downstream relative humidity values. In general, a
paired t-test is used to compare the means of two related data sets composed of the same
number of points and organized in pairs [101]. Generally, the two sets of data are
separated by time and are created before and after an ‘event’. A statistical analysis of all

experimental measurements was conducted by pairing corresponding points on either side
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of the wind turbine. The statistical significance of the change brought about by the
presence of the wind turbine is expressed by a p-value and accompanying level of
confidence.

An example calculation of the p-value for a suite of upstream and downstream
vertical profiles is shown below. The dependent variable is the measured relative

humidity.

Table 4.1 Upstream and downstream vertical profiles of relative humidity.

Upstream Relative | Downstream Relative
Height [m]
Humidity [%] Humidity [%]
2 79.18 78.65
7 78.69 77.1
12 77.22 74.78
17 74.78 71.85
22 71.85 69.4
27 70.37 67.47
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Table 4.1 (Continued)

32 67.93 65.03
37 65.48 63.41
42 64.5 63.11
47 63.53 62.63
52 62.05 61.16
57 61.95 60.18
62 60.56 58.72
67 60.05 58.73
72 58.77 58.27
77 58.26 57.8
80 56.82 57.82
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Table 4.1 (Continued)

90 55.98 56.84
100 54.63 55.38
110 52.94 54.39
120 52.7 53.91

Upstream and downstream measurements observed at the same height are paired.
For the vertical profiles above, this provides 21 matched observation pairs. To test the
null hypothesis that the mean difference is zero, the following steps are executed:

1) The difference between each pair of observations is calculated.

2) The mean difference, d, representing the average change between upstream and
downstream relative humidity, is calculated. For this suite of profiles, the mean
difference is 1.02905.

3) The standard deviation, sq, of the differences is calculated. For this suite of
profiles, the standard deviation of the differences is 1.42026.

4) The standard error of the mean difference is calculated according to,

SE(d) =L 4.1)

n

where n represents the number of paired observations. For these paired

observations, the standard error of the mean difference is 0.30993.
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5) The t-statistic, for use in subsequent testing of the null hypothesis, is calculated

according to,

_d
T SE@@)

4.2)

For these observed vertical flight profiles, the t-statistic is 3.32027.
6) Under the null hypothesis, this statistic follows a t-distribution with n-1, or 20,
degrees of freedom.
7) Using a standard t-distribution table, and considering 20 degrees of freedom and
T equal to 3.32027, yields a p-value of 0.003.
Hence, since 0.003 is less than 0.05, it is concluded that the average change in relative
humidity of 1.02905% is not due to random chance but can be attributed to the presence
of the wind turbine.
Confidence level ranges from 0 — 100% and is calculated according to,
100+(1 — p-value) (4.3)
Table 4.2 provides selected confidence levels and the associated p-value. Per convention,
characterization of a statistically significant change is reserved for confidence levels

greater than 90%.
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Table 4.2 Confidence levels and associated p-values.

Confidence
p-value

Level

99% 0.01
95% 0.05
90% 0.1
80% 0.2
50% 0.5

4.1.2 Experimental Measurements around a Single Wind Turbine

4.1.2.1 Stable Atmospheric Boundary Layer

During the overnight hours, the ground cools as it emits more radiation than it
absorbs. Consequently, the air immediately overlying the ground cools by conduction as
heat energy is transferred downward toward the ground. In the absence of winds, which
mix the air, or clouds, which reradiate previously absorbed infrared radiation, the cooling
of air not adjacent to the ground is slower. These dynamics create a nocturnal inversion
where environmental temperature increases with height.

Measurements of temperature and relative humidity during stable atmospheric

conditions were accomplished just after morning civil twilight, in keeping with the
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restrictions levied by the FAA, and before the morning inversion was broken by
convection. A positive lapse rate for relative humidity existed during each of these flights
as surface moisture evaporated into the bottom of the air column and air temperature
increased with height.

Measurements of upstream and downstream relative humidity within vertical
profiles, observed during stable atmospheric conditions, are shown in Figures 4.1 —4.4.
Figures 4.1 — 4.3 provide measurements taken around the GE 1.7 MW wind turbine and
Figure 4.4 gives measurements around the Gamesa G114 turbine. All measurements were
captured during temperature inversions characterized by a negative lapse rate in the first
100 m ranging from a modest 0.5 °C to a robust 4 °C. Hub height wind speeds ranged

from 4 — 7 m/s.
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Figure 4.1 = Measured upstream and downstream vertical relative humidity profiles
around a GE 1.7 MW wind turbine with an 80 m hub height and 100 m
rotor diameter.

Observed 0.5 °C/100 m temperature lapse rate with an upstream hub height wind speed
of 7 m/s.
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Figure 4.2  Measured upstream and downstream vertical relative humidity profiles
around a GE 1.7 MW wind turbine with an 80 m hub height and 100 m
rotor diameter.

Observed 4.4 °C/100 m temperature lapse rate with an upstream hub height wind speed
of 4 m/s.
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Figure 4.3  Measured upstream and downstream vertical relative humidity profiles
around a GE 1.7 MW wind turbine with an 80 m hub height and 100 m
rotor diameter.

Observed 4 °C/100 m temperature lapse rate with an upstream hub height wind speed of
5 m/s.
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Figure 44  Measured upstream and downstream vertical relative humidity profiles
around a Gamesa G114 wind turbine with a 93 m hub height and 114 m
rotor diameter.

Observed 1.8 °C/100 m temperature lapse rate with an upstream hub height wind speed
of 6 m/s.

Each of the observed scenarios displays a general decrease in humidity closer to
the ground and an increase aloft. The inflection point for these regions of change
generally occurs slightly below the turbine hub height, with the exception of the final
vertical profile flown around the GE 1.7 MW turbine. This general trend of the inflection
point located slightly below the turbine hub height is presumably the result of a sinking
wake and the exception is attributed to the irregular nature of the turbulent wake

structure. The indistinct nature of this inflection is also captured in the downstream
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profile around the Gamesa G114 turbine as the two profiles cross over each other several
times. In each scenario, the demarcation between the region of relative humidity change
is brought about by a change in the general slope of the downstream profile, opposed to
an observed change in the general trend of the upstream profile. This suggests that the
change in relative humidity is indeed the result of the presence of the wind turbine. The
maximum decrease in relative humidity is consistently observed slightly below the lower
turbine tip height. Figures 4.5 — 4.8 show the difference between upstream and
downstream measurements of relative humidity for the four aforementioned stable
scenarios. The previous observations regarding the location of the inflection point and the
region of maximum reduction are easily seen in these figures. The decrease below the
hub is not necessarily constant in the vertical direction. Due to the short time-span over
which each measurement was made over, absent of any sort of time-averaging, some
fluctuations in the vertical direction can be observed in these profiles. Further, the
magnitude of change between the area of maximum humidity decrease just below the
lower turbine tip height and the decrease in proximity to the ground can be markedly
greater. However, as the descending blades of the turbine deliver drier air aloft to the
lower turbine tip height, this region of decreased relative humidity might move
downward with downstream distance.

Figures 4.5 — 4.8 show that the region of increase in relative humidity just above
the hub is also significant. As previously noted, FAA restrictions in place at the time of
the investigation thwarted measurements above 400 feet AGL. However, it is noted that
the magnitude of change of the upper-most observation is on par with the magnitude of
change at the corresponding distance below the turbine hub height. Collectively, these
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observations suggest that the descending blades are delivering drier air downward while

the ascending blades are displacing moister air upward.
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Figure 4.5  Change in measured relative humidity (upstream minus downstream) as a
function of height around a GE 1.7 MW wind turbine with an 80 m hub
height and 100 m rotor diameter.

Observed 0.5 °C/100 m temperature lapse rate with an upstream hub height wind speed
of 7 m/s.
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Figure 4.6  Change in measured relative humidity (upstream minus downstream) as a
function of height around a GE 1.7 MW wind turbine with an 80 m hub
height and 100 m rotor diameter.

Observed 4.4 °C/100 m temperature lapse rate with an upstream hub height wind speed
of 4 m/s.
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Figure 4.7  Change in measured relative humidity (upstream minus downstream) as a
function of height around a GE 1.7 MW wind turbine with an 80 m hub
height and 100 m rotor diameter.

Observed 4 °C/100 m temperature lapse rate with an upstream hub height wind speed of
5 m/s.
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Figure 4.8  Change in measured relative humidity (upstream minus downstream) as a
function of height around a Gamesa G114 wind turbine with a 93 m hub
height and 114 m rotor diameter.

Observed 1.8 °C/100 m temperature lapse rate with an upstream hub height wind speed
of 6 m/s.

As detailed in Table 4.3, all measured changes in relative humidity around the GE
1.7 MW turbine, captured during stable regimes, are found to be statistically significant at
the 95% level (threshold p-value of 0.05) or higher with p-values ranging from <.001 to
.044. The single profile flown around the Gamesa G114 is found to be statistically

significant at the 90% level (threshold p-value of 0.1) with a p-value of .075.
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Table 4.3 Statistical significance, from paired samples t-test, of relative humidity
change between measured upstream and downstream vertical profiles in a
stably stratified condition.

Maximum RH
Lapse Rate in Measurement Hub height Statistical
Wind Turbine change below p-value
first 100m location wind speed Significance [%]
turbine tip height

2@ upstream
4°/100 m GE 1.7 MW 5m/s -2.9% 99% <.001

20 downstream

20 upstream
4.4°/100 m GE 1.7 MW 4 m/s -2.9% 99% .003

20 downstream

20 upstream
0.5°/100 m GE 1.7 MW 7 m/s -2% 95% .044

10 downstream

20 upstream
1.8°/100 m Gamesa G114 6 m/s -3.3% 90% .075

2 downstream

Lateral measurements around each turbine type are shown in Figures 4.9 and
4.10. Measurements are made at 2 rotor diameters downstream and at the lower turbine
tip height. Similar trends are observed for both of the flights accomplished. At two
diameters downstream, due to the clockwise rotation of the rotor blades, an asymmetry in

the lateral change to relative humidity exists between the right and left side of the wake.
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Both profiles show the greatest decrease in relative humidity to be offset slightly to the
right of the centerline with generally lower values, and less of a recovery, found all along
the right-hand side of the wake. For a clockwise rotating turbine, the right-hand side of
the turbine disk is associated with descending blades and the transport of less humid air
aloft downward. Observed decreases in relative humidity along the centerline of the
lateral profile are similar in magnitude to those observed during the vertical profile flown
during the same timeframe. Pairing upstream and downstream observations and using a
paired t-test for statistical analysis, all changes to lateral relative humidity were found to
be statistically significant at the 99% level (using a threshold p-value of .01) with p-
values < .001. Figures 4.11 and 4.12 display the difference between upstream and
downstream measurements of relative humidity corresponding to the lateral profiles of

Figures 4.9 and 4.10.
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Figure 4.9  Upstream and downstream lateral relative humidity measurements, at the
lower turbine tip height, around a GE 1.7 MW wind turbine with an 80 m
hub height and 100 m rotor diameter.

Observed 4 °C/100 m temperature lapse rate with an upstream hub height wind speed of 5 m/s.
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Figure 4.10 Upstream and downstream lateral relative humidity measurements, at the
lower turbine tip height, around a Gamesa G114 wind turbine with a 93 m
hub height and 114 m rotor diameter.

Observed 1.8 °C/100 m temperature lapse rate with an upstream hub height wind speed
of 6 m/s.

90 -80 -70 -0 -50 -40 -20 -20 -10 () 10 20 20 40 50 60 70 80 90

=
n

N

N
n

o | T | T | T T
Relative Humidity | | ‘ | |

Change [%]

-2.5

-3.5

Spanwise Distance [m]

Figure 4.11 Change in measured relative humidity (upstream minus downstream), at
the lower turbine tip height, as a function of lateral position around a GE
1.7 MW wind turbine with an 80 m hub height and 100 m rotor diameter.

Observed 4 °C/100 m temperature lapse rate with an upstream hub height wind speed of
5 m/s.
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Figure 4.12 Change in measured relative humidity (upstream minus downstream), at
the lower turbine tip height, as a function of lateral position around a
Gamesa G114 wind turbine with a 93 m hub height and 114 m rotor
diameter.

Observed 1.8 °C/100 m temperature lapse rate with an upstream hub height wind speed
of 6 m/s.

In order to analyze the changes to, and recovery of, relative humidity as a function
of downstream distance, flight profiles were flown downstream of the turbine tower at the
lower turbine tip height. Flights were constrained to 500 m downstream in order to
maintain VLOS with the UAV. Figures 4.13 — 4.14 give the measured relative humidity
values around each turbine model while Figures 4.15 — 4.16 provide the difference
between measured upstream and downstream values. Pairing upstream and downstream
observations and using a paired t-test for statistical analysis, all changes to downstream
relative humidity were found to be statistically significant at the 99% level (using a

threshold p-value of .01) with p-values <.001.
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Figure 4.13 Downstream relative humidity measurements, at the lower turbine tip
height, around a GE 1.7 MW wind turbine with an 80 m hub height and
100 m rotor diameter.

Observed 4 °C/100 m temperature lapse rate with an upstream hub height wind speed of
5 m/s.

95
945 +

94 o
n

935
93

Relative 925

Humidity [%] —4—Downstream Profile
92 + ——Upstream Profile
915 +
91
905
90 +

0 100 200 300 400 500 600
Distance [m]

Figure 4.14 Downstream relative humidity measurements, at the lower turbine tip
height, around a Gamesa G114 wind turbine with a 93 m hub height and
114 m rotor diameter.

Observed 1.8 °C/100 m temperature lapse rate with an upstream hub height wind speed
of 6 m/s.
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Figure 4.15 Change in measured relative humidity (upstream minus downstream), at
the lower turbine tip height, as a function of downstream position around a
GE 1.7 MW wind turbine with an 80 m hub height and 100 m rotor
diameter.

Observed 4 °C/100 m temperature lapse rate with an upstream hub height wind speed of
5 m/s.
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Figure 4.16 Change in measured relative humidity (upstream minus downstream), at
the lower turbine tip height, as a function of downstream position around a
Gamesa G114 wind turbine with a 93 m hub height and 114 m rotor
diameter.

Observed 1.8 °C/100 m temperature lapse rate with an upstream hub height wind speed
of 6 m/s.
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Both flights around each turbine model indicate a steep gradient in relative
humidity immediately aft of the wind turbine disk, show the greatest reduction in relative
humidity to occur at approximately 1.25 rotor diameters, and reveal a shallower recovery.
The relatively larger Gamesa G114 turbine suggests a recovery displaced further
downstream. However, each turbine’s wake has recovered nearly 60-80% of the

maximum relative humidity deficit by 500 meters downstream.

4.1.2.2 Unstable and Neutral Boundary Layer

An unstable, or convective, boundary layer occurs whenever the underlying
surface is warmer than the overlying air. A cloud-free day with light winds, the
occurrence of a warmer body of water beneath cooler air, or the advection of cold air
aloft, are each possible circumstances that create this dynamic. Turbulence in this
unstable boundary layer is more vigorous, especially turbulent energy in the vertical
direction, and consequently mixes the atmosphere well.

Flight times during the heat of the day, on a cloud free afternoon, were selected in
order to capture unstable scenarios. During this time, the sun is intensely heating the
ground, and in turn the adjacent air, at a rate greater than turbulent eddies can transport
this air upward. Hence, temperatures markedly decreased with height, especially in the
lowest 100m.

A neutral atmosphere is often found during the transition between an unstable and
stable environment. Therefore, evening flights were planned that would allow for all data
to be gathered just prior to evening civil twilight, in order to comply with FAA
regulations. When the intense heating of adjacent air by the ground has subsided but air

parcels are still well mixed, a temperature lapse rate near that of the dry adiabatic lapse
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rate (DALR) can manifest and yield a neutrally stable scenario. This occurs as cooler
parcels aloft are mixed down by turbulent eddies and warm at the DALR, and warmer
parcels are mixed similarly upward while cooling adiabatically at the DALR.

The aforementioned stable and neutral stability characterizations of the
atmosphere assess only the static stability of the atmosphere. Static stability only takes
into account buoyancy forces, ignoring shear associated with the mean flow [102].
Hence, the enhanced vertical mixing brought about by the wind turbine does not change
the character of the downstream flow in unstable and neutral atmospheric regimes as
significantly as in a stably stratified environment.

The vertical profile shown in Figure 4.17 is representative of the profiles
measured in unstable and neutral atmospheric regimes where the measured upstream and
downstream values of relative humidity are found to be only slightly discrepant. The
change in relative humidity, shown in Figure 4.18, continues to be indicative of the
mixing of drier air downward and moister air upward in the presence of a positive
relative humidity lapse rate. However, error bars associated with sensor uncertainty are
observed to overlap. Therefore, while the upstream and downstream profiles are slightly
discrepant, the presence of overlapping error bars result in the profiles to be taken as

equivalent.
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Figure 4.17 Measured upstream and downstream vertical relative humidity profiles
around a GE 1.7 MW wind turbine with an 80 m hub height and 100 m
rotor diameter.

Observed 0.97 °C/100 m temperature lapse rate with an upstream hub height wind speed
of 7 m/s.
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Figure 4.18 Change in measured relative humidity (upstream minus downstream) as a
function of height around a GE 1.7 MW wind turbine with an 80 m hub
height and 100 m rotor diameter.

Observed 0.97 °C/100 m temperature lapse rate with an upstream hub height wind speed
of 7 m/s.

4.2 Comparison between Numerical and Experimental Results around a Single
Wind Turbine

With the largest changes to relative humidity observed in the relatively unmixed
atmosphere characterized by stable stratification, and upstream and downstream profiles
measured in unstable and neutrally stable regimes taken to be consistent, LES is
contrasted with experimental measurements obtained over multiple flights in stable
atmospheric conditions. The previously described LES configuration is executed for a
single wind turbine for qualitative comparison since surface fluxes were not measured

during the field campaign and the turbine power coefficient was unavailable from the
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manufacturer. Contour plots of instantaneous streamwise velocity in Figure 4.19
highlight flow features downstream of the turbine. These plots are taken on a horizontal
plane at hub height elevation, along with two vertical planes at the boundaries of the
domain. The effect of the turbine’s clockwise rotation is noticeable in the skewness of the
wake, characterized by the upwelling of low momentum from below the rotor on the left

side and the downwelling of high momentum from above the rotor on the right side.

Figure 4.19 Contour plots of the instantaneous velocity magnitude in a horizontal plane
section passing through the hub (two other vertical plane sections at the
lateral boundaries are also shown).
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Figure 4.20 Change in LES time-averaged relative humidity (upstream minus
downstream) as a function of height. Simulation output shows a general
decrease in relative humidity below the turbine hub height and a maximum
decrease just below the lower turbine tip height.

Figure 4.20 shows the difference between upstream and downstream values of
time-averaged relative humidity at 50 m increments from 50 m to 200 m downstream.
With the imposition of a positive humidity lapse rate, LES output shows a general
decrease in relative humidity below the turbine hub height and an increase above it as the
rotor mixes moist air upward and delivers drier air downward. The inflection point
between these two regions occurs at the turbine hub height at 50 m downstream. As
surmised from the field observations, the height of the inflection point decreases with
downstream distance as the wake sinks. At all downstream distances, the maximum

decrease in relative humidity occurs in the form of a ‘nose’ just below the lower turbine
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tip height with a maximum decrease of 2.3% relative humidity occurring at 1 rotor
diameter downstream. The magnitude of humidity change decreases with downstream
distance from this point. Interestingly, the height of the ‘nose’ does not decrease with
downstream distance. This behavior, in contrast to the height of the inflection point,
along with the sharper gradient present below the turbine hub height is attributed to the
presence of the underlying surface. This lower boundary provides a constraint that
supports the build-up of air with decreased humidity. The magnitude of change (increase)
at the upper tip height is more modest and is less than, or equal to, one-half of the
magnitude of the change (decrease) at the lower tip height. This dichotomy is most likely
associated with the absence of a constraining physical boundary.

Figure 4.21 provides a contour plot showing the averaged relative humidity
change in a vertical plane passing through the turbine’s hub and parallel to the
streamwise direction. Readily evident is the area of maximum decrease in relative
humidity at, and slightly below, the lower turbine tip height. An increase in relative
humidity is observed at the level of the upper turbine tip height. Well away from the
surface, the more vertically diffuse nature of this region is apparent. Figure 4.22 shows a
continuous horizontal slice through the lower turbine tip height. A split in the humidity
deficit is observed to originate approximately 1 rotor diameter downstream. This split in
the humidity ‘wake’ is responsible for the perceived shorter streamwise humidity deficit
along the centerline seen in Figure 4.21. Figure 4.22 shows how the region of humidity
decrease actually extends much farther downstream. While a very sharp gradient borders

the region of maximum deficit in the lateral direction, the presence of an expanding wake
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is apparent as the broader deficit in humidity extends laterally well beyond the shadow of

the rotor swept area.

Figure 4.21

Contour plots of time-averaged relative humidity change in a vertical plane
section passing through the hub and parallel to the streamwise direction
(the legend shows changes in relative humidity compared to the upstream
level).
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Figure 4.22  Contour plots of time-averaged relative humidity difference in a horizontal
plane section passing through the lower turbine tip height and parallel to
the streamwise direction (the legend shows changes in the relative humidity
from the upstream level).

Figure 4.23 juxtaposes the measured difference between upstream and
downstream vertical profiles of relative humidity and LES output at 100 m downstream.
Figure 4.24 shows numerous measured vertical profiles and LES output at 200 m
downstream. All observed hub height wind speeds were in the 4 — 7 m/s range and
observed temperature inversions in the first 100 m ranged from a modest 0.5 °C to a
robust 4 °C. This range in the level of thermal stratification, along with the instantaneous
nature of the observations and time-averaging of the LES output, is what differences
between observed and numerical results are primarily attributed to. In support of this, it is
seen that LES output and observations align much closer in Figure 4.23. Additionally,
Figure 4.24 shows a tighter grouping of the more robust levels of thermal stratification
and a displaced LES profile with weaker thermal stratification. This speaks to the

increased/decreased role that enhanced vertical mixing by the wind turbine plays when
71



the atmosphere is less/more well-mixed. However, despite greatly varying inversion
strengths, albeit similar hub height wind speeds, the disparate LES and observed
conditions all show very good qualitative agreement. Of particular note is the similar
‘nose’ like feature, representing the region of largest humidity decrease, in all observed
data and LES outputs. Its location, slightly below the lower turbine tip height, along with
the location of the inflection between regions of decreased and increased relative

humidity near the hub height, are consistent across all results.
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Figure 4.23 LES time-averaged output and observed changes in relative humidity

(upstream minus downstream), as a function of height, at 100 m
downstream.
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Figure 4.24 LES time-averaged output and observed changes in relative humidity
(upstream minus downstream), as a function of height, at 200 m
downstream.

Comparisons between time-averaged LES output and downstream measurements,
at the lower turbine tip height, to 500 m are shown in Figure 4.25. Again, flights were
limited to 500 m downstream in order to comply with FAA regulations mandating that
VLOS be maintained with the UAV. Both LES output and calculation of measured
differences suggest a steep gradient immediately aft of the turbine that is followed by a
more gradual downstream recovery. All scenarios ultimately show a similar magnitude of
recovery with 2/3 or greater, of the maximum deficit being recovered by 500 meters.
Again, the numerical data suggests a maximum decrease in relative humidity around 1
rotor diameter downstream while all measurement scenarios indicate a maximum

decrease just downstream of 1 rotor diameter.

73



0.00 100.00 200.00 300.00 400.00 500.00

1.00
0.50
0.00
0.50 } ———LES: 0.7 °C/100 m LR; 6 m/s hh
1.00 N wind
RH Change 1% j ® Observed: 1.8 °C/100 m LR; 6 m/s
o
[%RH] hh wind
2.00
[ # Observed: 40 °C/100 m [R; 5 m/s
250 f hh wind
3.00 f
3.50
4.00

Downstream Distance [m]

Figure 4.25 LES time-averaged output and observed changes in relative humidity

(upstream minus downstream) as a function of downstream distance at the

lower turbine tip height.
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Figure 4.26 LES time-averaged output and observed changes in relative humidity

(upstream minus downstream) as a function of lateral distance at the lower

turbine tip height.

Lateral measurements, displayed in Figure 4.26 with analogous LES time-
averaged output, are for points at the lower turbine tip height and 2 rotor diameters

downstream. Of particular interest is the similar asymmetry present in both the LES
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results and experimental measurements. This asymmetry is the fingerprint of the split
humidity ‘wake’ evident in the contour plot of Figure 4.22. Each investigation shows the
maximum decrease in relative humidity is located just to the right side of the wake’s
centerline. Both the LES and measurement suggest that this deficit remains greater across
all of the right-hand side. This asymmetry, with greater deficits on the right-hand side, is
presumed to be the result of the turbine blades’ descent, and its delivery of drier air from
aloft, on the right-hand side of its clockwise rotation along with the wake’s interaction
with the ground. It is noted that numerical and observed data agree best behind the rotor
swept area. Therefore, an explanation for the discrepancy between numerical and
observed results outside of this region may be tied to the simulated wake expansion.
While good qualitative agreement exists between the numerical and observed
data, the small quantitative differences can be attributed to a number of factors.
Predominately, differences are attributed to discrepant levels of thermal stratification.
The more the atmosphere is already mixed, the smaller the role that wind turbines play in
enhanced mixing. However, secondarily, differences can also be explained by specific
modeling assumptions. Numerical simulations were constructed with parameterized wind
turbines that use a representative power coefficient from the literature. With an exact
value, or turbine blade specifics, unavailable from the turbine manufacturers, the only
turbine characteristics directly matched were rotor diameter, hub height and the thrust
coefficient. Additionally, simulated inflow lapse rate profiles for both temperature and
humidity were smoothed and made to be only representative of snapshot measurements
taken during a given suite of flight profiles. Finally, while field measurements were made

at a locale selected for having similar cultivar type, surface moisture characteristics and
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topography, surface-level flux measurements were not made and were assumed to be
uniform within the simulation. However, even with these assumptions, all distinctive
characteristics, related to changes in humidity, observed in field measurements are also
displayed by the LES.

A wind turbine’s power coefficient represents the ratio of the electrical power
produced by the wind turbine to the total energy available at a given wind speed [103].
This parameter is widely used by the wind energy industry to measure wind turbine
efficiency. With only the thrust coefficient available from the turbine manufacturer, a
representative value for the power coefficient was obtained from the literature for the
numerical investigation. For all baseline simulations, a power coefficient of 0.5 was used.
To analyze the impact that the power coefficient has on changes to downstream relative
humidity, an analogous simulation around a single wind turbine was executed with a
substituted power coefficient value of 0.65. The change in humidity, as a function of
height, for each power coefficient is shown in Figure 4.27. Adjacent to the surface, the
increase in the power coefficient results in a very small decrease in the magnitude of
change of near-surface humidity. Where the greatest magnitude of humidity change was
previously noted for both measurement and numerical output, slightly below the lower
turbine tip height, this difference disappears. The impact of a varying power coefficient
seems to have no change on the trend of humidity change throughout the vertical profile
and no impact within the region of increased humidity in the vicinity of the upper turbine

tip height.
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Figure 4.27 Plot of time-averaged LES output of humidity change at 100 m
downstream as a function of height for a power coefficient of 0.5
and 0.65.

While field measurements were made at a locale selected for having similar
cultivar type, surface moisture characteristics and topography, surface-level flux
measurements were not made and assumed to be uniform within the simulation. A
constant specific humidity flux of 0.01 g/kgem/s was imposed at the ground level for all
baseline simulations. In order to obtain insight into how a varying value of humidity flux
impacts changes to relative humidity, an analogous simulation was run with a different
surface moisture flux value. The baseline value of 0.01 g/kgem/s is contrasted with a
doubling of this value, 0.02 g/kgem/s, in Figure 4.28. While the region of increased
relative humidity in the vicinity of the top turbine tip height is observed to not be
impacted by a varying surface moisture flux value, the region of maximum relative

humidity decrease, slightly below the lower turbine tip height, is significantly impacted.
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This contrast, albeit smaller, is present all the way down to the surface. Notably, while
the magnitude of humidity change is impacted by the differing flux value the humidity
change trend, including the previously noted ‘nose’ shaped region below the lower
turbine tip height, is unaffected. These observations indicate that an increase of surface
moisture flux can increase the magnitude of humidity change but that the location where
these changes occurs remains generally unchanged. Further, while all distinctive
characteristics related to humidity change remain consistent, it is noted that the value
chosen for the broader numerical investigations in this work produces the most

conservative magnitude of change.
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Figure 4.28 A plot of time-averaged LES output humidity change at 100 m
downstream as a function of height for a varying surface moisture
flux of 0.01 g/kgem/s and 0.02 g/kgem/s.
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4.3  Numerical Results within a Wind Turbine Array
4.3.1 Stable Atmospheric Boundary Layer

Results from simulations of a stable WTABL, consisting of a 6 x 4 turbine array
in aligned and staggered configurations, are considered next. The main objective is to
determine the effect of compounding wakes on near-surface relative humidity within the
wind farm for two different thermal stratifications (AB=1 K and AB=2 K) and two
configurations (aligned and staggered turbines). The two different thermal stratifications
represent an increase of potential temperature of 1° and 2° per 800 meters. The staggered
array displaces every other row of wind turbines. The rotors are laterally displaced so that
a distance equal to 45% of the rotor diameter separates the lateral extent of the rotor
swept areas. Because a periodic boundary condition is imposed in the lateral direction,
the WTABL is taken to be infinitely wide. In Figure 4.29, contour plots of the
instantaneous streamwise velocity in a horizontal plane sectioning the flow domain
through the hubs are shown corresponding to both aligned (part a) and staggered (part b)
configurations. Both configurations seem to suggest that the compounding wakes
introduce mixing in the downstream, which is expected to impact the variation of scalar

quantities such as relative humidity and potential temperature.
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Figure 4.29 Contour plots of instantaneous streamwise velocity in a horizontal plane
passing through the hubs: a) aligned configuration; b) staggered
configuration.

Since scalars quantities, such as humidity, satisfy transport equations, it is
expected that the main contributor to the variation of relative humidity or potential
temperature within the wind farm is the momentum flux, which is affected considerably
by the rotating rotors. These modifications bring about nuanced changes to relative
humidity in all three spatial directions, throughout the WTABL. In Figures 4.30 and 4.31,
contour plots in vertical slices taken across the flow domain at fixed downstream
distances and isosurfaces of decreased relative humidity provide insight into these

changes.
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Figure 4.30 a) Contour plots of time-averaged relative humidity difference in vertical
plane slices at fixed downstream distances within an aligned turbine array
(the legend shows changes in the relative humidity with respect to the
upstream level); b) Isosurface of decreased relative humidity for the

aligned configuration.
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Figure 4.31 a) Contour plots of time-averaged relative humidity difference in vertical
plane slices at fixed downstream distances within a staggered array (the
legend shows changes in the relative humidity with respect to the upstream

level); b) Isosurface of decreased relative humidity for the staggered
configuration.

As observed and simulated results around a single wind turbine previously
indicated, enhanced vertical mixing, in the presence of a positive humidity lapse rate,
delivers moist surface air upward and transports drier air found aloft downward.

Upstream vertical cross sections in the domain show how drier air aloft is first brought
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downward by the descending blades on the right-hand side, and moist air is delivered
upward on the left-hand side, of the clockwise rotating turbine. Subsequent streamwise
slices through the domain illustrate how these areas of humidity change grow in
magnitude and, most predominately, in a lateral manner in the direction of turbine
rotation. The region of increased relative humidity grows unencumbered from left to right
at, and above, the upper turbine tip height. The region of decreased relative humidity near
the lower turbine tip height develops with interference from the underlying surface. As
the area of decreased relative humidity grows in the direction of rotation, the region is
broken by the vortices’ interaction with the ground. Here the surface physically obstructs
and slows the flow, hence changing the flow dynamics. Figure 4.31 shows how these
breaks, within a staggered configuration, initially host an area of entrainment of moist
near-surface air up into the vortex before being cutoff further downstream by the growth
of the deficit area.

Experimental measurements and LES results for both one turbine and the 6 x 4
array show that there is a tendency for the humidity "wake" to split in the downstream, as
the bottom of the vortex interacts with the ground. Greater humidity deficits occur within
two "arms" that grow in all directions (this can be also seen in Figure 4.30b for the
aligned WTABL). This suggests, from a humidity perspective, that a staggered wind
turbine array may provide different downstream humidity changes. Figures 4.30 and 4.31
show the difference between the two configuration layouts. While inspection of each
figure shows similarities in flow dynamics and changes to relative humidity, and an
expansion and accumulation of wakes with downstream distance, a reduction in the

volume of air with modified relative humidity is realized in both the lateral and vertical
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directions for the staggered configuration. Figures 4.30 and 4.31 also reveal how wake
expansion supports the growth of regions of change in directions counter to the turbine’s
rotation, along with growth in the vertical direction. When the array is fully transited, a

broad and continuous volume of drier air exists below a similar mass of moister air.

Figure 4.32 Isosurfaces of decreased (blue) and increased (red) relative humidity for an
aligned single column of turbines (streamwise length scaled by 1/5).

A side view of isosurfaces of decreased (0.8%) and increased (0.3%) relative
humidity is given in Figure 4.32 and illustrates how each of these regions of change also
experience continuous uplift. The region of increased relative humidity rises well above
the upper edge of the turbine disk by the fourth row, while the region of decreased
humidity slightly exceeds the hub height by the third row. Also evident are the areas of
entrainment of moist near-surface air into the wake immediately upstream of the third,
fourth and fifth row of turbines. The entrainment of moist surface air is eventually cutoff
as the region of decreased humidity grows in size. While the uplifting associated with the
region of decreased humidity nearer to the ground is modest, the uplift associated with

the region of increase higher up is much more significant. This is most likely attributed to
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the uninhibited upward mixing by the largest turbulent eddies that are more restricted
closer to the ground.

In the context of the aforementioned qualitative assessment, a quantitative
comparison is made between different atmospheric stratifications in terms of the
streamwise, lateral and vertical distributions of averaged relative humidity. Because it
appears that the cumulative increase or decrease of humidity in the downstream does not
occur at a constant elevation, Figures 4.33 - 4.35 plot distributions of laterally averaged

minimum and maximum humidity (taken in the vertical direction) given as:

Aqmin(x)_ (2 J’1) f;]lz 0<z'<z Qup (x Y, Z) (x’ Y Z)]dy (4-4)
AQmax(X)= fyz qup(x v,z) —q(x,y,2)]dy 4.5)

2— J’1) Y1 0<z<z

where y;and y, are the coordinates of lateral boundaries, zj is the height of the domain,
and qy;, is the humidity two diameters upstream of the first row of turbines. In Figure
4.33, comparisons between the aligned and staggered configurations are plotted for a
thermal stratification of AB=2 K. It is evident from this figure that the aligned
configuration is more effective in altering the decrease of relative humidity below the hub
height, and less effective above. Apparently, the decrease and increase in relative
humidity does not seem to attain a fully developed state, which is an investigation that
would require the extension of the domain in the downstream direction and an increase in

the number of rows and grid points.
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Figure 4.33  Variation of the relative humidity in the streamwise direction for a thermal
stratification AB=2 K: a) decrease (below the hub); b) increase (above the
hub).

In Figures 4.34 and 4.35, distributions of the integrated maximum and

minimum humidity are plotted and compared in terms of thermal stratification

variation, for both aligned and staggered configurations respectively. Thermal

stratification does seem to have a non-negligible impact on the humidity

development in the downstream; by increasing the thermal stratification, the

region of both decrease and increase in humidity becomes greater in magnitude.

This suggests that the wind turbines’ enhancement of vertical mixing plays a

larger role when the ABL is more strongly thermally stratified and consequently

less well mixed.
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Figure 4.34 Variation of the relative humidity with streamwise direction for the aligned
configuration: a) decrease (below the hub); b) increase (above the hub).
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Figure 4.35 Variation of the relative humidity with streamwise direction for the
staggered configuration: a) decrease (below the hub); b) increase (above the

hub).
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In Figures 4.36 through 4.39, distributions of the maximum and minimum
humidity are plotted as a function of lateral direction for both wind farm configurations
and thermal stratifications. The continual lateral expansion of the accumulated wake with
downstream distance, as the magnitude of change concurrently increases, is readily
apparent for both array configurations and stratifications. However, as might be
anticipated, the accumulated wake from the staggered configuration does not grow as fast
and is more constrained in its lateral dimension. Wake expansion is much more readily
apparent for the aligned configuration. This ultimately results, for the aligned array, in a
broader and more continuous area of decreased relative humidity near the ground
downstream of the array. Unencumbered by the surface, the rate of lateral growth for the
area of increased relative humidity aloft is faster for all stratifications with the staggered
array and a more continuous area of increased relative humidity is created. Analyzing
near surface areas of change against areas of change aloft for all stratifications and array
configurations, the ground’s interaction with the large-scale vortex structures clearly
stymies the growth and continuity of the near-surface area of change compared to its

counterpart aloft.
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Figure 4.36  Variation of relative humidity with lateral direction for the aligned

configuration, AB=1 K (profile extracted 2 rotor diameters downstream of
the noted rotor): a) decrease (below the hub); b) increase (above the hub).
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Figure 4.37 Variation of relative humidity with lateral direction for the staggered

configuration, AB=1 K (profile extracted 2 rotor diameters downstream of
the noted rotor): a) decrease (below the hub); b) increase (above the hub).
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Figure 4.38 Variation of relative humidity with lateral direction for the aligned

configuration, AB=2 K (profile extracted 2 rotor diameters downstream of
the noted rotor): a) decrease (below the hub); b) increase (above the hub).
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Figure 4.39 Variation of relative humidity with lateral direction for the staggered

configuration, AB=2 K (profile extracted 2 rotor diameters downstream of
the noted rotor): a) decrease (below the hub); b) increase (above the hub).
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The uplifting of the regions of humidity increase or decrease is also revealed
through profiles of averaged relative humidity in the vertical direction for different
downstream locations within the wake. This is accomplished in Figures 4.40 —4.43,
where these vertical profiles are plotted not in the center of the wake but in two lateral
locations to the left and right sides of the rotor. All vertical profiles are extracted at 2
diameters downstream from the noted rotor. These figures also show that the amount of
relative humidity increase above the rotors is approximately the same between the left
and right sides of the wake; however, there is considerable disparity between the amounts
of decrease below the hub. The elevation associated with the minimum decrease is also
significantly lower on the left side of the wake. Inspection also indicates that the change
in relative humidity in proximity to the ground, on the left side of the wake for both
thermal stratifications, is negative for the first 1-2 rows of turbines, positive for the next
few rows, and reverts back to being negative for the last rows of turbines. On the right
side of the wake, the switch between signs occurs only for the greater thermal
stratification. The smaller thermal stratification yields predominately a relative humidity
decrease. Figures 4.40 — 4.43 also suggest that the right-side inflection point,
characterizing the switch between the areas of decreased and increased relative humidity,
is slightly above the hub height (between z=90 m and z=110 m) while the location of the

inflection point on the left side of the wake is not as clear.
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Figure 4.40 Variation of the relative humidity with vertical direction for the aligned
configuration, AB=1 K: a) left side of the wake; b) right side of the wake.
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Figure 4.41 Variation of the relative humidity with vertical direction for the staggered
configuration, AB=1 K: a) left side of the wake; b) right side of the wake.
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Figure 4.42 Variation of the relative humidity with vertical direction for the aligned
configuration, AB=2 K: a) left side of the wake; b) right side of the wake.
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Figure 4.43 Variation of the relative humidity with vertical direction for the staggered
configuration, AB=2 K: a) left side of the wake; b) right side of the wake.
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4.3.2 Unstable Atmospheric Boundary Layer

A single unstable scenario is analyzed with both an aligned and staggered 6 x 4
WTABL configuration in order to look at, and compare, the effect of a compounding
wake on relative humidity. The unstable atmospheric scenario is created with a potential
temperature lapse rate of 1 °K per 800 m. The contour plots of Figure 4.44 display the
instantaneous streamwise velocity in a horizontal plane sectioning the flow domain at the
turbine hub height. Figure 4.44a shows the flow through an aligned array and Figure
4.44b illustrates the flow through the staggered configuration. Each figure displays how
the enhanced mixing associated with the unstable environment brings about faster wake
recovery. Of particular interest are the effects of large thermals and plumes, whose size
can reach the height of ABL, that develop in unstable conditions and propagate with the
mean flow. When present, these structures can locally distort the direction of the mean
flow. This distortion is observed in the white patch on the left side of the domain for the
aligned case and on the right side for the staggered case. The orientation of the wakes can
fluctuate, both left and right, as these structures move through the wind farm. Careful
inspection of both figures show that unaligned wakes point toward regions previously

influenced by passage of these structures.
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Figure 4.44 Contour plots of instantaneous streamwise velocity in a horizontal plane
passing through the hubs of an unstable WTABL.: a) aligned configuration;
b) staggered configuration.

Turbulence found within an unstable ABL is the result of both wind shear and
buoyancy but is predominately driven by thermal buoyancy. This thermal buoyancy gives
rise to the aforementioned vertical structures. The support for this vertical enhancement
can be observed in the contour plots that lie within vertical slices taken at regular

downstream intervals in Figures 4.45 and 4.46.
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Figure 4.45 Contour plots of time-averaged relative humidity difference in vertical
plane slices at fixed downstream distances within an aligned turbine array
and unstable environment (the legend shows changes in the relative
humidity with respect to the upstream level)
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Figure 4.46 Contour plots of time-averaged relative humidity difference in vertical
plane slices at fixed downstream distances within a staggered array and
unstable environment (the legend shows changes in the relative humidity
with respect to the upstream level)
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Contrasting Figures 4.45 (aligned) and 4.46 (staggered) with the corresponding
stable plots, Figures 4.30a (aligned) and 4.31a (staggered), it is apparent that vertical
mixing is enhanced in the presence of atmospheric instability. The greater boundary layer
depth associated with the unstable ABL, well above the upper turbine tip height, is also
evident as regions of humidity increase extend well above the areas of increase observed
with the stable stratification. However, inspection of the magnitude of humidity increase
and decrease show the reduced effect that the wind turbines have on the already well-
mixed ABL. With changes well below 0.5%, the magnitude of change is much smaller
than the changes observed for either of the stable scenarios. While the previously
discussed impetus for the development of regions of change, descending blades mixing
down drier air and ascending blades mixing up moister air, is the same, the more robust
background turbulence within the unstable WTABL more quickly erodes the areas of
change. This dynamic results in the absence of large, well-defined regions of downstream
change. This is especially true for the staggered configuration where “channels” of
humidity change are not reinforced by the next row of turbines and have ample
streamwise distance for dilution by atmospheric mixing.

With the enhanced mixing associated with an unstable atmosphere, a more muted
downstream change in relative humidity is expected relative to the change realized in a
stable environment. Figure 4.47 shows the streamwise distribution of averaged relative
humidity change (calculated as in the stable regime by means of Equations 4.4 and 4.5)
for both an aligned and staggered configuration, and thus allows for a quantitative
comparison to the analogous stably stratified distributions shown in Figure 4.33. The

magnitude of the decrease in relative humidity in the unstable scenario appears to be
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independent of the array configuration but is a full order of magnitude smaller than the

change observed in the stable environment. Similar to the stable results, the staggered

configuration is more effective at altering the increase in relative humidity above the

turbine hub height; however, again, the humidity change observed is over an order of

magnitude less than the change brought about in the stably stratified regime. In contrast

to either of the stable scenarios, the complementary enhanced mixing brought about by

the atmosphere and the WTABL results in a quasi-stationary-state value of humidity

change that is realized fairly early on within the array (e.g., after the third row in Figure

4.470).
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Figures 4.48 and 4.49 provide the distributions of the maximum and minimum

humidity change as a function of lateral distance for both wind farm configurations in the

unstable environment.
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Figure 4.48 Variation of relative humidity with lateral direction for the aligned
configuration (profile extracted 2 rotor diameters downstream of the noted

rotor): a) decrease (below the hub); b) increase (above the hub).
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Variation of relative humidity with lateral direction for the staggered
configuration (profile extracted 2 rotor diameters downstream of the noted
rotor): a) decrease (below the hub); b) increase (above the hub).

The lateral distributions for the aligned configuration reinforce the previous observations

made for the unstable WTABL. The enhanced background mixing that brings about

faster wake recovery manifests in these plots as less wake expansion when compared to

the corresponding stable plots of Figure 4.36 through 4.39, which show clear wake

expansion. Additionally, the more subdued change in relative humidity associated with

the unstable atmospheric regime is apparent in the greater lateral uniformity of the

unstable plots compared to the distributions shown for both levels of stable stratification.
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Vertical profiles of averaged relative humidity change within the downstream
wake are given in Figures 4.50 and 4.51 for the aligned and staggered configuration
respectively. All distributions present similarly with a modest humidity gradient below
the wind turbine hub height and uniformity both above the hub and, in general, with

downstream distance. This is in keeping with the well-mixed nature of the unstable

WTABL.
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Figure 4.50 Variation of relative humidity with vertical displacement for the aligned
array configuration a) left side of the wake; b) right side of the wake.
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Figure 4.51 Variation of relative humidity with vertical displacement for the staggered
array configuration: a) left side of the wake; b) right side of the wake.

4.3.2 Neutral Atmospheric Boundary Layer

The effect of compounding wakes in an aligned and staggered 6 x 4 WTABL
configuration is also analyzed for a neutral atmospheric stratification. The neutral
stability regime is defined by a constant potential temperature lapse rate. In this neutral
condition, buoyancy effects are negligible. The instantaneous streamwise velocity, in a
horizontal plane at the hub height level, is shown in the contour plots of Figure 4.52. The
orientations of the wakes in the neutral regime seem to follow the same trend when
compared to the unstable regime, but they feature a certain level of ‘randomness’ versus

the orientation of the wakes under stable thermal stratification.
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Figure 4.52 Contour plots of instantaneous streamwise velocity in a horizontal plane
passing through the hubs of a neutrally stratified WTABL: a) aligned
configuration; b) staggered configuration.

Inspection of Figures 4.53 (aligned) and 4.54 (staggered), showing vertically
sliced contour plots of humidity change at fixed downstream distances, illustrate how
vertically displaced air parcels of a given humidity tend to remain at their newly
displaced location. Consequently, the parcels tend to form more diffuse areas of change
relative to regions of change in the stable conditions reflected in Figures 4.30a (aligned)
and 4.31a (staggered). Therefore, while areas of humidity increase aloft are allowed to
maintain their integrity in the absence of strong background mixing, the more diffuse
nature of the region of change results in a magnitude of change in-between that found in
stable and unstable regimes. Unlike the moister air mixed upward, the drier air mixed
downward is constrained by the ground. Consequently, the same level of diffuseness is
stymied and the magnitude of humidity decrease is much greater and in line with what
might be anticipated during stable conditions, especially for the aligned array. This

phenomenon is also captured, and quantified, in Figure 4.55 that provides averaged
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relative humidity (calculated using Equations 4.4 and 4.5) as a function of downstream
position for both array configurations. As mentioned above, the development of the
region of decreased relative humidity is constrained by the ground and, although less
than, is on par with the magnitude of humidity decrease observed in stable conditions.
This is in stark contrast with the unconstrained and, consequently, more diffuse region of
humidity increase aloft. This more subdued change is shown in Figure 4.55b and is closer

to the magnitude of change associated with an unstable environment.
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Figure 4.53  Contour plots of time-averaged relative humidity difference in vertical
plane slices at fixed downstream distances within an aligned turbine array
and neutral environment (the legend shows changes in the relative humidity
with respect to the upstream level)
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Figure 4.54 Contour plots of time-averaged relative humidity difference in vertical
plane slices at fixed downstream distances within a staggered turbine array
and neutral environment (the legend shows changes in the relative humidity
with respect to the upstream level)
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Figure 4.55 Variation of the relative humidity in the streamwise direction for a neutral
stratification a) decrease (below the hub); b) increase (above the hub).
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Figures 4.56 and 4.57 provide distributions of the maximum and minimum
humidity as a function of lateral distance for both array configurations. Although more
moderate with respect to magnitude relative to the stable cases, the lateral expansion
associated with the accumulated wake is apparent. The absence of strong stable
stratification results in the neutral distributions retaining a much greater degree of
symmetry than the stable distributions. The influence of the drier air that is brought down
on the right-hand side of the rotor disk and the moister air that is delivered upward on the
left-hand side is seen in the distributions associated with the aligned configuration. The
region of decrease below the turbine hub is observed to build toward the right while the
region of increase above builds, albeit more subtle, toward the left. This contrast once
again points toward the influence of the ground and the constraint it provides relative to
the more diffuse area of change that builds aloft. Comparing the two array configurations,
the staggered array configuration provides a much more diffuse area of change absent of

channels of humidity change.
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Figure 4.56 Variation of relative humidity with lateral direction for the aligned
configuration (profile extracted 2 rotor diameters downstream of the noted
rotor): a) decrease (below the hub); b) increase (above the hub).
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Figure 4.57 Variation of relative humidity with lateral direction for the staggered
configuration (profile extracted 2 rotor diameters downstream of the noted
rotor): a) decrease (below the hub); b) increase (above the hub).
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Vertical profiles of averaged relative humidity at downstream intervals located
within the wake are given in Figures 4.58 and 4.59. Inspection of the aligned array
vertical distributions reinforce the idea of drier air aloft being delivered downward by the
descending blade on the right-hand side of the turbine and building, slightly below the
bottom of the turbine disk, in the direction of rotation (left). This results in a greater
magnitude of humidity decrease to be realized on the right, compared to the left, side.
The magnitude of change at any given level is also observed to increase with the
transiting of subsequent downstream turbines. Review of Figure 4.59 shows how the
staggered configuration of wind turbines hinders the development of a compounding

wake and humidity change with downstream distance.
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Figure 4.58 Variation of relative humidity with vertical displacement for the aligned
array configuration a) left side of the wake; b) right side of the wake.
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Figure 4.59 Variation of relative humidity with vertical displacement for the staggered
array configuration: a) left side of the wake; b) right side of the wake.
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CHAPTER V

FINAL CONCLUSIONS

5.1 Contribution

Wind energy is the fastest growing source of electricity generation [3]. While
numerical simulation, and limited observations, have established that wind turbines have
an impact on near-surface temperature, a thorough investigation of the broader impact
that this growing source of electricity has on other aspects of near-surface meteorology
has not been undertaken. Changes to near-surface relative humidity are of interest
because of its impact on vegetation, the soil it grows in, and animals. Relative humidity
affects the rate of evaporation from each of these. Numerical simulations that have
investigated the WTABL produce temporal and spatially averaged output, while
traditional measurement strategies lack the ability to provide either controlled or
continuous measurements with high spatial resolution. The main objective of this
research is to investigate the impact that wind turbines have on near-surface relative
humidity, which is affected by changes to both temperature and humidity. Utilizing the
recent availability of unmanned aerial systems (UAS), high resolution in-situ
measurements of relative humidity were made. The use of an UAS demonstrated the
successful instrumentation, safe flight and obtainment of high resolution relative
humidity values in all three spatial directions. The implementation of the UAS provides
proof of concept for a platform that can also be used for the measurement of other
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atmospheric parameters with high spatial resolution. Observations were qualitatively
compared to LES, the most prominent investigation strategy to date. Constrained by
current UAS technological limitations and regulatory restrictions, the investigation was
extended to a 6 x 4 WTABL via LES but not tackled from the experimental standpoint.
This novel multi-prong strategy provides new insight into how near-surface relative
humidity is changed in both the near and far wake regions of wind turbines. This work
effectively combines experimental observations with numerical simulation in the form of
LES, thus allowing for a better understanding of near-surface meteorological changes
brought about by wind turbines. The unique contributions and findings of the work can
be summarized as follows:
e An unmanned aircraft has been successfully instrumented, safely flown,
and measured relative humidity with high spatial resolution
e Relative humidity was observed to change behind a single wind turbine
o In the presence of a positive humidity lapse rate, relative humidity
decreased below the turbine hub height and increased above it
o The maximum relative humidity decrease occurred between 1 and
2 rotor diameters downstream
o Larger relative humidity deficits are observed on the right-hand
side of the wake
o The greatest relative humidity decrease is observed slightly below
the lower turbine tip height
e Numerical simulation of relative humidity change compared favorably to

experimental measurement
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LES of a wind farm revealed that areas of change in relative humidity
differentially develop across varying array configurations and atmospheric

stratifications

The magnitude of relative humidity change became greater with
downstream distance

Areas of change grow predominately in the direction of turbine
rotation and secondarily in all directions due to wake expansion
For a given stratification, the greatest decrease in relative humidity
is observed in an aligned configuration

Regardless of array configuration, the magnitude of relative
humidity change increased with stronger thermal stratification

The magnitude of relative humidity change varies very little with
the wind turbine power coefficient

The magnitude of relative humidity change varies appreciably with
surface moisture flux but the distinctive spatial characteristics of

the humidity change remain consistent

Relative humidity decreases over 3% were observed behind a single wind
turbine and were as great as 2.5% for simulated cases

Relative humidity decreases slightly over 5% were created by a
compounding wake within the WTABL

Relative humidity changes within a stably stratified WTABL are over an
order of magnitude greater than changes within a neutral or unstable

WTABL
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5.2 Summary

The expense associated with field campaigns and limitations of previous
measurement techniques have stymied the number of observational data sets examining
changes to near-surface meteorology within WTABLs. This is especially true of data sets
with high spatial resolution. Consequently, much of the investigation of the impact that
wind turbines have on near-surface meteorology comes in the form of unsubstantiated
LES. This research makes use of an instrumented UAS to gather high resolution in-situ
field measurements of relative humidity within two state-of-the-art wind farms and
compares this data to numerical experiments conducted using LES. Vertical,
downstream, and lateral measurements made over the course of several days around a
single wind turbine show very good qualitative agreement with all LES results. When
similar thermal stratifications are compared, measurements and LES also show good
quantitative agreement. Vertical measurement profiles, in the presence of a positive
relative humidity lapse rate, show a general decrease in humidity below the turbine hub
height and increase above it. The location of maximum decrease occurs slightly below
the lower turbine tip height. Downstream observations show a maximum decrease to
occur just beyond 1 rotor diameter downstream followed by a slower recovery. The effect
of the turbine’s rotation and the influence of the underlying surface manifests with an
asymmetry in the lateral relative humidity change. Stably stratified LES results show
relative humidity decreases as great as 2.5% downstream of the turbine while
experimental measurement captured decreases just over 3%.

In order to analyze the accumulated change to relative humidity by compounding
wakes, the numerical investigation was extended to a 6 x 4 WTABL. Analogous to
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experimental observation and numerical results around a single wind turbine, the greatest
change in relative humidity is observed during stable conditions. This suggests that the
wind turbines’ enhancement of vertical mixing plays a larger role when the ABL is more
strongly thermally stratified and consequently less well mixed. These results show a
somewhat uniform and continuous increase in relative humidity at and above the upper-
turbine tip height and a more complex decrease in relative humidity below the turbine
hub height. Each of these areas of relative humidity change predominately grows in the
direction of turbine rotation while slowly broadening in all directions with wake
expansion. In a stable WTABL the decrease in relative humidity is reduced when the
array is laid out in a staggered configuration. The magnitude of the decrease in relative
humidity in the unstable scenario appears to be independent of the array configuration but
is a full order of magnitude smaller than the change observed in the stable environment.
While this research has made use of a novel two-prong complementary strategy,
namely experimental measurement with a UAS and numerical investigation via LES,
additional opportunities exist for garnering new insight and extending the scope of the
work. Additional insight can be gathered through measurements with increased resolution
in areas of identified dramatic relative humidity change. The extension of the domain in
the downstream direction, with an increase in the number of rows and grid points, also
affords the opportunity for additional numerical insight in regard to how the change in
relative humidity might attain a fully developed state in a stable WTABL. However, the
most exciting possibility for new, complementary insight has recently been made
available through new rules issued by the FAA under Part 107 of the Federal Aviation

Regulations (FAR). Part 107 operational limitations now allow flight above 400 feet
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AGL if within 400 feet of a structure. Therefore, measurements can now be obtained up
to 400 feet above the upper turbine tip height of the wind turbine. Such measurements
could provide further insight into the region of relative humidity increase, within the
vicinity of the upper turbine tip height, along with new insight into how other scalar

quantities are impacted by entrainment above the rotor swept area.
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The research nature of the field campaign categorizes the operation as a
commercial endeavor. Consequently, the FAA was petitioned and it was determined that
the aircraft met the conditions of Section 333 of the FAA Modernization and Reform Act
of 2012 that allows relief from Title 14 of the Code of Federal Regulations (CFR) part
21, Certification Procedures for Products and Parts, Subpart H—Airworthiness
Certificates, and associated noise certification and testing requirements of part 36. Of
direct operational significance to the field campaign were the following conditions and
limitations associated with the Section 333 exemption:

e Operations are limited to the DJI Inspire 1.

e The unmanned aircraft (UA) must be operated at an altitude of no more than

400 AGL.

e A visual observer (VO) must be used for all operations.

e The UA must be operated within visual line of sight (VLOS) of the pilot-in-
command (PIC) and VO at all times.

e The VO and PIC must be able to communicate verbally at all times.

¢ Following any maintenance or alteration that affects the UAS operation or
flight characteristics, a functional test flight must be conducted.

e The operator is responsible for maintaining and inspecting the UAS, along
with complying with all manufacturer safety bulletins, to ensure that the UAS
is in a condition for safe operation.

e Prior to each flight, the PIC must conduct a pre-flight inspection and

determine the UAS is in a condition for safe flight.
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All UAS operations may not be conducted during night, as defined in 14 CFR
§ 1.1

All operations must be conducted under visual meteorological conditions
(VMO).

The PIC must be a FAA certificated pilot.

The UA may not operate within 5 nautical miles of an airport reference point.
The UA must maintain basic visual flight reference (VFR) visibility and cloud
clearance requirements.

The UA must maintain an adequate power level for the UA to complete the
intended operation with at least 5 minutes of power remaining.

The UA must remain clear and give way to all manned aviation operations
and activities at all times.

All operations conducted over private or controlled-access property must

receive permission from the property owner.

A copy of the Section 333 exemption is available in Appendix B.

A Section 333 exemption is automatically issued with a "blanket" nationwide

Certificate of Authorization (COA). At the time of original issuance of the Section 333

exemption the blanket COA, accompanying the exemption, put forth a few restrictions.

The UAS was required to fly below 200 feet with additional limitations imposed around

airports, restricted airspace, and other densely populated areas. With the desire to operate

up to 400 feet AGL, a separate COA was pursued, allowing flight up to 400 feet AGL.

However, on March 29, 2016, the FAA announced a decision to raise the operating

altitude associated with the blanket COA to 400 feet AGL. As a result, further pursuit of
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an additional COA was suspended. The existence of any NOTAMs, that further curtailed
operations, was investigated and none pertaining to the measurement region were found.

Shortly before the commencement of flight testing of the UAS, the FAA opened
up the web-based registration system, designed exclusively for sUAS, to commercial
operators. This negated the previous need to register the sSUAS with an N number under
the FAA’s legacy paper-based system that was used for both manned and unmanned
aircraft. The resulting registration certificate is found in Appendix C.

Per the requirement of the FAA, a distant (D) NOTAM was filed with flight
service prior to 24 hours before the commencement of the measurement campaign and
was maintained for the duration of the field campaign. A latitude and longitude were

provided, along with a radius of operation.
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B.1  FAA Section 333 Exemption

Q

13 Depar trem YU Inseps s dente Gye
ot Fenspartotion Wagninalor, D0 2255
Federal dolathon
Agimilnishrertion
February 10, 2016
Exemption No. 14765

Regulatory Docket No. FAA-2015-4099

Mr. Mark E. McKinnon

Mr. Matthew J. Clark
McKenna Long & Aldridge LLP

Counsel for Embry-Riddle Aeronautical University
1676 International Drive, Penthouse

McLean, VA 22102

Dear Messrs. McEinnon and Clark:

This letter is to inform you that we have granted your request for exemption. It transmits our
decision, explains its basis, and gives you the conditions and limitations of the exemption,
incloding the date it ends.

By letter dated June 30, 2013, you petitioned the Federal Aviation Administration (FAA) on
behalf of Embry-Riddle Aeronautical University (hereimafier petitioner or operator) for an
exemption. The petitioner requested to operate an unmanned aircraft system (ITAS) to
conduct aerial data collection, including aerial imaging and remote sensing and surveying for
education, training’, and research and development.

See the docket, at www regulations. gov, for the petition submitted to the FAA describing the
proposed operations and the regulations that the petiboner seeks an exemphion

The FAA has determimed that good canse exists for not publishing a summary of the petition
in the Federal Register becanse the requested exemption would not set a precedent, and any
delay in acting on this petition would be detrimental to the petiioner.

! The petitioner requested awthority to conduct UTAS training. At this time, the FAA is unahle to muthorize TTAS
operations for training until 3 fimther assessment is completed. When the FAA completes its review, we will
proceed accondingly and no further action will be required by the petiioner. However, the petitioner is permitted
o train its own pilot in conmmands and viseal observers in accordance with condiion no. 14 and the other
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Airworthiness Certification

The TUAS proposed by the petitioner are the SenseFly EBee, DII Inspire 1, Draganflver X4-
ES, Latitude HQ-404A, Mikrokopter Rotorcraft, Embry-Riddle Aeronautical Umiversity ERFC
UAS.

In accordance with the statutory criteria provided in Section 333 of Public Law 11295 1n
reference to 49 1U.5.C. § 44704, and in consideration of the size, weight, speed, and limited
operating area associated with the aircraft and its operation, the Secretary of Transportation
has determuned that thus aircraft meets the conditions of Section 333. Therefore, the FAA
finds that relief from 14 CFR part 21, Certification procedures for products and parts,
Subpart H—Airworthiness Cartificates, and any associated noise certification and testing
requirements of part 36, 1s not necessary.

The Basis for Our Decision

You have requested to use a UAS for aerial data collection®. The FAA has issued grants of
exemption in circumstances similar in all material respects to those presented in your petition.
In Grants of Exemption Nos. 11062 to Astraeus Aenal (see Docket No. FAA-2014-0352),
11109 to Clayco. Inc. (see Docket No. FAA-2014-0507), 11112 to VDOS Global, LLC (see
Docket No. FAA-2014-0382), 11213 to Aeryon Labs, Inc. (se2 Docket No.
FAA-2014-0642), and 12645 to Allied Drones (se¢ Docket No. FAA-2014-0804), the FAA
found that the enhanced safety achieved using an unmanned aircraft (UA) with the
specifications described by the pefifioner and carrying no passengers or crew, rather than a
manned aircraft of significantly greater proportions, carrving crew in addifion to flammable
fuel, gives the FAA good cause to find that the TJAS operation enabled by this exemption is in
the public interest.

Having reviewed vour reasons for requesting an exemption, I find that—

o They are sinular i all material respects to relief previously requested in Grant of
Exemption Nos. 11062, 11109, 11112_ 11213, and 12645;

s The reasons stated by the FAA for granting Exemption Nos. 11062, 11100, 11112, 11213,
and 12645 also apply to the situation you present; and

* A grant of exemption is in the public interest.

* Aerial data collaction includes amy remote sensing and measunng by an mstrument(s) aboard the TTA.
Examples include imagery (photography, video, infrared, etc.), electromie measurement (precision surveying, EF
analysis, ete.), chemical measurement (particulate measuwrement, ete.), or any other gathering of data by
instruments aboard the TTA.
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Our Decision

In consideration of the foregoing. I find that a grant of exemption 15 in the public interest.
Therefore, pursuant to the authority contained in 49 11.5.C. 106(f), 40113, and 44701,
delegated to me by the Adnunistrator, Embry-Riddle Aeronautical University is granted an
exemption from 14 CFR §§ 61.23(a) and (c). 61.101(e){4) and (3), 61.113(a), 61.315(a),
91.7(a). 91.119(c), 91.121, 91.151(a)(1). @1 405(a), 91.407(a)(1), 91.409(a)(1) and (2), and
91.417(a) and (b). to the extent necessary to allow the petitioner to operate a UAS to perform
aerial data collection. This exemption is subject to the conditions and limitations listed
below.

Conditions and Limitations

In this grant of exemption. Embry-Riddle Aeronautical University is hereafter referred to as
the operator.

Failure to comply with any of the conditions and limitations of this grant of exemption will be
grounds for the immediate suspension or rescission of this exemption

1. Operations authorized by this grant of exemption are limited to the SenseFly EBee,
DII Inspire 1. Draganflver X4-ES, Latimde HQ-40A, Mikrokopter Rotoreraft, Embry-
Riddle Aeronautical University ERFC UAS when weighing less than 55 pounds
including payload. Proposed operations of any other aircraft will require a new
pefition or a petifion to amend this exemption.

2. Operations for the purpose of closed-set motion picture and television filming are
not pemutted.

3. The UA may not be operated at a speed exceeding 87 knots (100 miles per hour). The
exemption holder may use either groundspeed or calibrated airspeed to determine
compliance with the 87 knot speed restricion. In no case will the TUA be operated at
airspeeds greater than the maximum UA operating airspeed recommended by the
atrcraft manufacturer.

4. The UA must be operated at an altitude of no more than 400 feet above ground level
(AGL). Altitude must be reported in feet AGL.

5. The UA must be operated within visual line of sight (WVLOS) of the PIC at all times.
This requires the PIC to be able to use human vision unaided by any device other than
corrective lenses, as specified on the PIC s FAA-issued airman medical certificate or
U.S. driver’s license.

6. All operations nmist utilize a visual observer (VO). The UA nmst be operated within
the wisual line of sight (VLOS) of the PIC and VO at all times. The VO may be used
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to satisfy the VLOS requirement as long as the PIC always maintains VLOS
capability. The VO and PIC must be able to communicate verbally at all times;
electronic messaging or texting is not permitted during flight operations. The PIC
must be designated before the flight and cannot transfer his or her designation for the
duration of the flight. The PIC must ensure that the VO can perform the duties
required of the VO.

7. This exemption and all documents needed to operate the UAS and conduct its
operations in accordance with the conditions and limitations stated in this grant of
exemption. are hereinafter referred fo as the operating documents. The operafing
documents must be accessible during UAS operations and made available to the
Administrator upon request. If a discrepancy exists between the conditions and
limitations in this exemption and the procedures outlined in the operating documents,
the conditions and limitations herein take precedence and nmst be followed.
Otherwise, the operator must follow the procedures as outlined in its operating
documents. The operator may update or revise its operating documents. It 1s the
operator”s responsibility to track such revisions and present updated and revised
documents to the Administrator or any law enforcement official upon request. The
operator must also present updated and revised documents if 1t petitions for extension
or amendment to this grant of exemption. If the operator deternunes that any update
of revision would affect the basis upon which the FAA granted this exemption. then
the operator must petition for an amendment to its grant of exemption. The FAAs
UAS Integration Office (AFS—80) may be contacted if questions arise regarding
updates or revisions to the operating documents.

8. Any UAS that has undergone maintenance or alterations that affect the UAS operation
or flight characteristics, e.g., replacement of a flight critical component, must undergo
a functional test flight prior to conducting further operations under this exemption.
Functional test flights may only be conducted by a PIC with a VO and must remain at
least 500 feet from other people. The functional test flight must be conducted 1n such
a manner so as to not pose an undue hazard to persons and property.

8. The operator is responsible for maintaining and inspecting the UAS to ensure that it is
in a condition for safe operation.

10. Prior to each flight, the PIC nmst conduct a pre-flight inspection and determine the
UAS is in a condition for safe flight The pre-flight inspection must account for all
potential discrepancies, e.g., inoperable components, tfems, or equipment. If the
inspection reveals a condition that affects the safe operation of the UAS. the aircraft is
prolubited from operating until the necessary maintenance has been performed and the
UAS is found to be in a condition for safe flight.
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11.

12.

13

14

15

16.

17.

The operator must follow the UAS manufacturer's maintenance, overhaul,
replacement, mspection, and life limit requirements for the aircraft and
arrcraft components.

Each UAS operated under this exemption must comply with all manufacturer
safety bulletins.

Under this grant of exemption, a PIC must hold either an airline transport,
commercial, private, recreational. or sport pilot certificate. The PIC must also hold a
current FAA airman medical certificate or a valid U.S. driver’s license issued by a
state, the District of Columbia, Puerto Rico, a territory, a possession, or the Federal
government. The PIC must also meet the flight review requirements specified in

14 CFR. § 61.56 in an atrcraft in which the PIC is rated on his or her pilot certificate.

The operator may not permit any PIC to operate unless the PIC demonstrates the
ability to safely operate the UAS m a manner consistent with how the UAS will be
operated under this exemption, including evasive and emergency maneuvers and
maintaining appropriate distances from persons. vessels, vehicles and structures. PIC
qualification flight hours and currency must be logged in a manner consistent with

14 CFR § 61.51(b). Flights for the purposes of training the operator's PICs and VOs
(training, proficiency, and experience-building) and determining the PIC s abality to
safely operate the UAS in a manner consistent with how the UAS will be operated
under this exemption are permitted under the terms of this exemption However.
traiing operations may only be conducted during dedicated training sessions. During
training, proficiency, and experience-building flights, all persons not essential for
flight operations are considered nonparticipants, and the PIC must operate the UA
with appropriate distance from nonparticipants in accordance with 14 CFR § 91.119.

UAS operations may not be conducted during night. as definedin 14 CFR. § 1.1, All
operations must be conducted under visual meteorological conditions (VMC). Flights
under special visual flight mles (SVFR) are not authorized.

The UA may not operate within 5 nautical miles of an airport reference point (ARP) as
denoted in the current FAA Asrport/Facility Directory (AFD) or for airports not
denoted with an ARP, the center of the airport symbol as denoted on the current
FAA-published aeronautical chart, unless a letter of agreement with that airport’s
management is obtained or otherwise permitted by a COA issued to the exemption
holder. The letter of agreement with the airport management must be made available
to the Administrator or any law enforcement official upon request.

The UA may not be operated less than 500 feet below or less than 2,000 feet
horizontally from a cloud or when visibility is less than 3 statute miles from the PIC.
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18. For tethered UAS operations. the tether line must have colored pennants or streamers
attached at not more than 50 foot infervals beginning at 150 feet above the surface of
the earth and visible from at least one mile. This requirement for pennants or
streamers is not applicable when operating exclusively below the top of and within
250 feet of any structure, so long as the UA operation does not obscure the lighting of
the structure.

19_If the UAS loses commnunications or loses its GPS signal. the UA must refurn to a
pre-determined location within the private or controlled-access property.

20. The PIC must abort the flight in the event of unpredicted obstacles or emergencies.

21. The PIC 1s prohibited from beginning a flight unless (considening wind and forecast
weather conditions) there is enough available power for the UA to conduct the
intended operation and to operate after that for at least 5 minutes or with the reserve
power recommended by the manufacturer if greater.

22 Air Traffic Organization (ATO) Certificate of Waiver or Authorization (COA). All
operations shall be conducted in accordance with an ATO-1ssued COA. The
exemption holder may apply for a new or amended COA if 1t intends fo conduct
operations that cannot be conducted under the terms of the enclosed COA.

23. All aireraft operated in accordance with thus exemption nust be identified by serial
number, registered in accordance with 14 CFR part 47, and have idenfification
(N—Number) markings in accordance with 14 CFR part 45, Subpart C. Markings must
be as large as practicable.

24. Documents used by the operator to ensure the safe operation and flight of the UAS and
any documents reguired under 14 CFR §§ 91.9 and 91 203 must be available to the
PIC at the Ground Control Station of the UAS any fume the aircraft is operating.

These documents must be made available fo the Administrator or any law enforcement
official upon request.

25. The UA must remam clear and give way to all manned aviation operations and
activities at all times.

26. The UAS may not be operated by the PIC from any moving device or vehicle.

27. All Flight operations nmst be conducted at least 500 feet from all nonparticipating
persons, vessels. vehicles, and structures unless:

a. Barriers or structures are present that sufficiently protect nonparticipating persons
from the UA and/or debris in the event of an accident. The operator must ensure
that nonparticipating persons remain under such protection. If a sifuation arises
where nonparticipating persons leave such protection and are within 500 feet of
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the UA, flight operations must cease immediately in a manner ensunng the safety
of nonparticipating persons; and

b. The owner/controller of any vessels, vehicles or structures has granted permission
for operating closer to those objects and the PIC has made a safety assessment of
the risk of operating closer to those objects and determined that it does not
present an undue hazard.

The PIC, VO, operator trainees or essential persons are not considered
nonparticipating persons under this exemption.

28. All operations shall be conducted over private or controlled-access property with
permission from the property owner/controller or authorized representative.
Permission from property owner/controller or authorized representative will be
obtained for each flight fo be conducted.

20, Any mncident, accident. or flight operation that transgresses the lateral or vertical
boundaries of the operational area as defined by the applicable COA mmst be reported
to the FAA's TUAS Integration Office (AFS—80) within 24 hours. Accidents must be
reported to the National Transportation Safety Board (NTSB) per instructions
contained on the NTSB Web site: www.nfsb.gov.

If this exemption permuts operations for the purpose of closed-set motion picture and
television filming and production. the following additional conditions and limitations apply.

30. The operator must have a motion picture and television operations manual (MPTOM)
as documented in this grant of exemption.

31. At least 3 days before aerial filming, the operator of the UAS affected by this
exemption must submit a written Plan of Activities to the local Flight Standards
District Office (FSDO) with junisdiction over the area of proposed filming. The 3-day
notification may be watved with the concurrence of the FSDO. The plan of activities
must mclude af least the following:

a. Dates and tumes for all flights;

b. Name and phone number of the operator for the UAS aerial filming conducted
under this grant of exemption;

c. Name and phone number of the person responsible for the on-scene operation of
the UAS:

d. Make, model, and serial or N-Number of ITAS o be used;

e. Name and cerfificate number of UAS PICs involved 1n the aenal filmung;

f A statement that the operafor has obtamed pernussion from property owners
and/or local officials to conduct the filming production event; the list of those
who gave permission must be made available to the inspector upon request;

g. Signature of exemption holder or representative; and
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I A description of the flight activity, including maps or diagrams of any area, city,
town, county, and/or state over which filming will be conducted and the altitudes
essential to accomplish the operation.

32. Flight operations may be conducted closer than 500 feet from participating persons
consenting to be involved and necessary for the filming production, as specified in the
exemption holder’s MPTOM.

Unless otherwise specified in this grant of exemption, the UAS, the UAS PIC, and the UAS
operations must comply with all applicable parts of 14 CFR mcluding, but not limited to,
parts 45. 47, 61, and 91.

This exemption terminates on February 28, 2018, unless sooner superseded or rescinded.
Sincerely,

John S. Duncan

Director, Flight Standards Service

Enclosure
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' Small UAS Certiflcate cf Reglstranon;}}_ |

-'Name' Fmbry—RaddIP Apronautlcal Unwersdy_:i_’-_._'-"'."_'___- ; s

?”'Manufacturer DJE
::Model insplre‘l S
jSerial Number WTSDCAEQOZOEJB‘I

- '.'Certlﬁcate Number FASSFFPQ?S

lssued °4f2'”2016 Expures 04;21;2019

Figure C.1  FAA Small UAS Certificate of Registration
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DATA LOGGING CODE
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D.1  Data logging code

#include <SD.h>
#include <SPI.h>
#include <SoftwareSerial.h>

SoftwareSerial GPSModule (3, 1); //Rx, Tx
int updates;

int failedUpdates;

int pos;

int stringplace = 0;

const int variable = 1;

const int ledPin = 13;
String timeUp;
String nmea[l1l5];

void setup() {
// put your setup code here, to run once:
Serial.begin (57600) ;
GPSModule.begin (9600) ;

Serial.print("Initializing SD card...");

if (!SD.begin(4))
{

Serial.println("initialization failed!");
return;
}
Serial.println("initialization done.");

File logFile = SD.open("Log.csv", FILE WRITE);
if (logFile);

logFile.println(", , ,");

String header = "Time, Latitude, Hemisphere, Longitude, Hemishpere,
Fix, Altitude (MSL/M), Altitude (WGS84/M), Temperature, Humidity";

logFile.println (header) ;

logFile.close();

Serial.println (header);

pinMode (1ledPin, OUTPUT) ;
pinMode (7, INPUT) ;

}
void loop ()

{
//int sensorval = digitalRead(7);

//1f (sensorval == HIGH)

{
//while (variable == 1)
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GPSModule.flush () ;
while (GPSModule.available() > 0)
{
GPSModule.read () ;
}
//GPS gathering time
if (GPSModule.find ("SGPGGA,"))
{
String tempMsg = GPSModule.readStringUntil ("\n');
for (int 1 = 0; 1 < tempMsg.length(); i++)
{

if (tempMsg.substring(i, i + 1) == ",")
{
nmea[pos] = tempMsg.substring(stringplace, 1i);
stringplace = i + 1;
pos++;
}
if (i == tempMsg.length() - 1)
{
nmea[pos] = tempMsg.substring(stringplace, 1i);
}
}
updates+t++;

//for (int 1 = 0; i < 9; i++)
{
//Serial.print (nmeal[0]);
//Serial.println("");
}
}
else
{
failedUpdates++;
}
stringplace = 0;
pos = 0;
//Temperature Reading
int tempvalue; //Create an integer variabl
int ftemp;
tempvalue=analogRead (A2) ; //Read the analog port 0 and store
the value in val
float Voltage = tempvalue* ((5.0/1023)*10);
float temp = (-40+(Voltage*10));
ftemp = ((temp*1.8)+32);
//Humidity Reading
int humvalue; //Create an integer variabl
int htemp;
humvalue=analogRead (Al) ; //Read the analog port 0 and store
the value in val
float HVoltage = humvalue* ((5.0/1023)*100) ;

//Create data string for storing to SD card
//CSV format
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String dataString = String(nmeal0O]) + ", " + String(nmeal[l]) + ", "
+ String(nmeafl2]) + ", " + String(nmea[3]) + ", " + String(nmeald4]) +
", " + String(nmea[5]) + ", " + String(nmea[8]) + ", " +
String(nmea[l10]) + ", " + String(temp) + ", " + String(HVoltage);

//Open a file to write to
File logFile = SD.open("Log.csv", FILE WRITE);
if (logFile)

{
logFile.println(dataString);

logFile.close();
//Serial.println (dataString);
}
Serial.println(dataString);

delay (500);

143



APPENDIX E

FLIGHT CARDS
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80m hub height Flight Card

Flight Number: Data: Time of Day: Location:
SfcwWind: °/ kis  5fc Temp: Sfc Humidity: Takeoff Time: Landing Time:
Data Point Point Description Height Record On Record Off Comments
Vert. Profile Up 2@ PICTURES!!!!
1 Upstream @2@: 2m 6.5 ft z Z | 2 diameters upstreamis 656 ft.
2 Upstream @2@: 7m 23 ft i i
3 Upstream @2@: 12m 395 ft i i
4 Upstream @2@: 17m 56 ft z z
5 Upstream @2@: 22m 721t z z
6 Upstream @2@: 27m EB5ft i i
7 Upstream @2@: 32m 105 ft i i
8 Upstream @2@: 37m 1215 ft i i
9 Upstream @2@: 42m 138 ft z z
10 Upstream @2@: 47m 154 ft i i
11 Upstream @2@:52m 1705 ft i i
12 Upstream @2@:57m 187 ft i i
13 Upstream @2@: 62m 2035 ft z z
14 Upstream @2@: 67m 220 f z z
15 Upstream @2@: 72m 236 ft i i
16 Upstream @2@: 77m 2525 ft i i
17 Upstream @2@: 80m 2625 ft z z
18 Upstream @ 2@: 90m 295 f z z
19 Upstream @ 2@: 100m 328 ft z z
20 Upstream @2@: 110m 361 ft i i
21 Upstream @2@: 120m 304 ft z Z | Expect6:55
Vert. Profile Down 1@
22 Downstream @1@: 2m 65 ft z Z | 1 diameter downstreamis 328 ft
23 Downstream @1@: 7m 23 ft i i
24 Downstream @1@: 12m 395 ft i i
25 Downstream @1@: 17m 56 ft z z
26 Downstream @1@: 22m 721t z z
27 Downstream @1@: 27m B85 ft Zz Zz
28 Downstream @1@: 32m 105 ft i i

Figure E.1  Flight test card for 80 meter hub height wind turbines.
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29 Downstream @1@: 37m 1215 ft z z
30 Downstream @1@: 42m 138 ft i i
31 Downstream @1@:47m 154 ft z z
32 Downstream @1@: 52m 1705 ft Z Z
33 Downstream @1@: 57m 187 ft i i
34 Downstream @ 1@: 62m 2035 ft z z
35 Downstream @1@: 67m 220 ft i i
36 Downstream @1@: 72m 236 ft i i
37 Downstream @1@: 77m 2525 ft i i
38 Downstream @ 1@: 80m 2625 ft i i
39 Downstream @ 1@: 90m 295 ft z z
40 Downstream @1@: 100m 328t i i
41 Downstream @1@: 110m 361 ft i i
42 Downstream @1@: 120m 304 fi z Z | Expect£:55 (13:50 total)
Spanwise Anticipate battery change
43 Spanwise @ 2@, lower tip: 0m oft z Z | Lower tip height=32m (105ft)
44 Spanwise @2@, lower tip: +10m 33t z Z | After good data sets, consider Aheight
45 Spanwise @2g, lower tip: +20m 65.5 ft z z
46 Spanwise @ 2@, lower tip: +30m o985 ft z z
47 Spanwise @2g, lower tip: +40m 131t z z
48 Spanwise @2@, lower tip: +50m 164 ft z z
49 Spanwise @28, lower tip: +60m 197 ft Fd Fd
50 Spanwise @2@, lower tip: +70m 2295 f z z
51 Spanwise @ 2@, lower tip: +80m 2625 ft z z
52 Spanwise @2@, lower tip: +90m 295 ft z z
53 Spanwise @2@, lower tip:-10m 33 ft z z
54 Spanwise @ 2@, lower tip:-20m -65.5 ft z z
55 Spanwise @2@, lower tip:-30m -08.5 ft z z
56 Spanwise @2@, lower tip: -40m -131ft z z
57 Spanwise @28, lower tip: -50m -164 ft Fd Fd
58 Spanwise @2@, lower tip:-60m -197 f z z
59 Spanwise @ 2@, lower tip:-70m -2295ft z z
60 Spanwise @2@, lower tip:-80m -262.5 ft z z
61 Spanwise @2@, lower tip:-90m -295 ft z Z | Expect6:15
Vert. Profile Down 2@
62 Downstream @ 2@: 2m 6.5 ft Z Z | 2 diameters downstream is 656 ft.

Figure E.1 (Continued)
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63 Downstream @2@: 7m 23 ft i i

64 Downstream @2@: 12m 395 ft i i

65 Downstream @2@: 17m 56 ft i i

66 Downstream @2@: 22m 72ft i i

67 Downstream @2@: 27m BBSft i i

68 Downstream @2@: 32m 105 ft i i

69 Downstream @2@: 37m 1215 ft i i

70 Downstream @2@: 42m 138 ft i i

71 Downstream @2@: 47m 154 ft i i

72 Downstream @2@: 52m 1705 ft i i

73 Downstream @2@: 57m 187 ft i i

74 Downstream @2@: 62m 2035 ft i i

75 Downstream @2@: 67m 220 ft i i

76 Downstream @2@: 72m 236 ft i i

77 Downstream @2@: 77m 2525 ft i i

78 Downstream @2@: 80m 2625 ft i i

79 Downstream @2@: 20m 295 ft i i

80 Downstream @2@: 100m 328 ft i i

81 Downstream @2@: 110m 361 ft i i

82 Downstream @2@: 120m 304 ft z Z | Expectf:55 (13:10 total)
Downstream Z Z | Anticipate battery change

83 2m (6.6ft) Alt, Downstream: 50m 164 ft i Z | Alongcenterline

84 2m (6.6ft) Alt, Downstream: 75m 246 ft Z Z

85 2m (6.6ft) Alt, Downstream: 100m 328 ft Z Z

86 2m (6.6ft) Alt, Downstream: 125m 410 f Z Z

87 2m (6.6ft) Alt, Downstream: 150m 492 fi i i

88 2m (6.6ft) Alt, Downstream: 175m 574 ft Z Z

89 2m (6.6ft) Alt, Downstream: 200m 656 ft Z Z

o0 2m (6.6ft) Alt, Downstream: 225m 738 ft Z Z

o1 2m (6.6ft) Alt, Downstream: 250m 820 ft i i

92 2m (6.6ft) Alt, Downstream: 275m o002 ft Z Z

93 2m (6.6ft) Alt, Downstream: 300m 084 fi Z Z

o4 2m (6.6ft) Alt, Downstream: 350m 1148 ft Z Z

o5 2m (6.6ft) Alt, Downstream: 400m 1312 fi i i

96 2m (6.6ft) Alt, Downstream: 450m 1476 ft Z Z

o7 2m (6.6ft) Alt, Downstream: 500m 1640 fi Z Z | Expect6:30

Figure E.1 (Continued)
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93m hub height Flight Card

Flight Number: Data: Time of Day: Location:
Sfcwind: °/ kis SfcTemp: Sfe Humidity: Takeoff Time: Landing Time:
Data Point Point Description Height Record On Record Off Comments
Vert. Profile Up 2¢ PICTURES!!!!
1 Upstream @2g: 2m 6.5 ft z Z | 2 diameters upstreamis 656 ft.
2 Upstream @2g: 7m 23 ft z z
3 Upstream @2g: 12m 39.5 ft z Z
4 Upstream @2g: 17m 56 ft 7 7
3 Upstream @2@: 22m 721t z z
6 Upstream @2@: 27m 88.5 ft z z
7 Upstream @2@: 32m 105 ft z Z
8 Upstream @2g: 37m 1215 ft z Fd
9 Upstream @28: 42m 138 ft z 7
10 Upstream @2g: 47m 154 ft z z
11 Upstream @2@: 52m 170.5 ft z z
12 Upstream @2@: 57m 187 ft z z
13 Upstream @2@: 62m 203.5 ft z z
14 Upstream @2@: 67m 220 ft z Z
15 Upstream @2g: 72m 236 ft z z
16 Upstream @2@: 77m 252.5 ft z z
17 Upstream @2@: 82m 269 ft z 7
18 Upstream @2@: 87m 285.5 ft z 7
15 Upstream @2@: 92m 302 ft. z z
20 Upstream @2@: 97m 318 ft. z z
21 Upstream @2¢: 100m 328 ft z z
22 Upstream @2g: 110m 361 ft z 7
23 Upstream @2g: 120m 394 ft z Z | Expect7:35
Wert. Profile Down 18
24 Downstream @1@: 2m 6.5 ft z 7 | 1 diameterdownstreamis 328 ft.
25 Downstream @1@:7m 23 ft z z
26 Downstream @1@:12m 39.5 ft z z
27 Downstream @1@:17m 56 ft z z
28 Downstream @1g: 22m 72t z 7

Figure E.2  Flight test card for 93 meter hub height wind turbines
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29 Downstream @1@: 27m 88.5 ft z z

30 Downstream @1@: 32m 105 ft z z

31 Downstream @1@:37m 121.5 ft 7 7

32 Downstream @1@:42m 138 ft 7 7

33 Downstream @1@:47m 154 ft 7 7

34 Downstream @1@:52m 170.5 ft 7 7

35 Downstream @1@:57m 187 ft z 7

36 Downstream @1@:62m 203.5 ft z 7

37 Downstream @1@:67m 220 ft z 7

38 Downstream @1@:72m 236 ft z z

338 Downstream @1@: 77m 252.5 ft z 7

40 Downstream @1@: 82m 269 ft z z

41 Downstream @1@:87m 285.5 ft z z

42 Downstream @1@: 92m 302 ft. z 7

43 Downstream @1@: 97m 318 ft. z 7

44 Downstream @1@:100m 328 ft z z

45 Downstream @1@:110m 361 ft z 7

46 Downstream @1g:120m 394 ft z Z | Expect7:35 (15:10 total)
Spanwise Anticipate battery change

a7 Spanwise @2@, lower tip: 0m 0 ft Z Z | Lowertip height =52m (171ft)

48 Spanwise @2, lower tip: +10m 33 ft z Z | After good data sets, consider Aheight

45 Spanwise @2, lower tip: +20m 5.5 ft z z

50 Spanwise @28, lower tip: +30m 98.5 ft Z Z

51 Spanwise @2@, lower tip: +40m 131 ft z z

52 Spanwise @2@, lower tip: +50m 164 ft z z

53 Spanwise @2@, lower tip: +60m 197 ft z z

54 Spanwise @2, lower tip: +70m 229.5 ft z z

55 Spanwise @2, lower tip: +80m 262.5 ft z z

56 Spanwise @28, lower tip: +30m 295 ft z z

57 Spanwise @2@, lower tip: -10m -33 ft z z

58 Spanwise @2@, lower tip: -20m -65.5 ft z Z

59 Spanwise @2@, lower tip: -30m -98.5 ft z Z

60 Spanwise @2, lower tip: -40m -131 ft z 7

61 Spanwise @2, lower tip: -50m -164 ft z 7

52 Spanwise @2@, lower tip: -60m -197 ft Z 7

63 Spanwise @2, lower tip: -70m -229.5 ft z 7

Figure E.2 (Continued)
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84 Spanwise @2@, lower tip:-80m -262.5 ft

85 Spanwise @2, lower tip: -90m -295 ft Z Z | Expectf:ls
Vert. Profile Down 2@

66 Downstream @2@: 2m 6.5 ft Z Z | 2 diameters downstreamis 656 ft.

07 Downstream @2@:7m 23 ft z z

08 Downstream @2@:12m 39.5 ft z z

69 Downstream @2¢:17m 56 ft z z

70 Downstream @2¢: 22m 72t z z

71 Downstream @2¢: 27m 88.5 ft z z

72 Downstream @2@: 32m 105 ft z z

73 Downstream @2@: 37m 121.5 ft z z

74 Downstream @2@:42m 138 ft z z

73 Downstream @2¢:47m 154 ft z Z

76 Downstream @2¢:52m 170.5 ft z z

77 Downstream @2@:57m 187 ft z 7

78 Downstream @2¢: 62m 203.5 ft z z

79 Downstream @2@: 67m 220 ft z z

80 Downstream @2@:72m 236 ft z z

81 Downstream @2@:77m 2525 ft z z

82 Downstream @2@: 82m 269 ft z z

83 Downstream @2@: 87m 285.5 ft z z

84 Downstream @2@:92m 302 ft. z z

85 Downstream @2@: 97m 318 ft. z z

86 Downstream @2@:100m 328 ft z z

87 Downstream @2@:110m 361 ft z z

88 Downstream @2@:120m 394 ft z Z | Expect7:35 (13:50 total)

Downstream Z Z | Anticipate battery change

89 2m (6.6t} Alt, Downstream: 50m 164 ft zZ Z | Along centerline

30 2m (6.6t) Alt, Downstream:75m 246 ft z z

91 2m (6.6ft) Alt, Downstream:100m 328 ft z z

92 2m (6.6t} Alt, Downstream:125m 410 ft Z z

93 2m (6.6t} Alt, Downstream:150m 492 ft zZ z

94 2m (6.6ft) Alt, Downstream:175m 574 ft z z

95 2m (6.6ft) AR, Downstream: 200m 656 ft z z

96 2m (6.6t} Alt, Downstream: 225m 738 ft Zz z

97 2m (6.6t} Alt, Downstream: 250m 820 ft Z zZ

98 2m (6.6ft) Alt, Downstream: 275m 902 ft z z

99 2m (6.6ft) Alt, Downstream: 300m 984 ft z z

100 2m (6.6ft) Alt, Downstream: 350m 1148 ft z z

101 2m (6.6ft) Alt, Downstream:400m 1312 ft z z

102 2m (6.6ft) Alt, Downstream: 450m 1476 ft z z

103 2m (6.6ft) Alt, Downstream: 500m 1640 ft z Z | Expect6:30

Figure E.2 (Continued)
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APPENDIX F

GLOSSARY OF TERMS
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Capacity factor:

Capping inversion:

Civil twilight:

Cultivar:

Entrainment:

Inversion:

Lapse rate:

Latent heat:

Mesoscale:

Mixing ratio:

Neutral atmosphere:

The average power generated divided by the rated peak
power [103].

A statically stable layer at the top of the atmospheric
boundary layer [104].

The period between astronomical sunrise or sunset and the
time when the sun’s unrefracted center is at an elevation of
-6° [104].

A plant variety.

The mixing of environmental air into a preexisting
organized air current [ 104].

A departure from the usual decrease of temperature with
altitude [104].

The decrease of an atmospheric variable with height [104].
The specific enthalpy difference between two phases of a
substance at the same temperature [104].

Pertaining to atmospheric phenomenon having horizontal
scales ranging from a few to several hundred kilometers
[104].

The ratio of the mass of a variable atmospheric constituent
to the mass of dry air [104].

An atmosphere in which potential temperature is constant

with altitude [6].
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Potential temperature:

Relative humidity:

Sensible heat:

Sounding:

Stable atmosphere:

Unstable atmosphere:

The temperature that an unsaturated parcel of dry air would
have if brought adiabatically and reversibly from its initial
state to a standard pressure, typically 1000 mb [104].

The ratio of vapor pressure to the saturation vapor pressure
with respect to water [104].

The outcome of heating a surface without evaporating
water from it [104].

A vertical penetration of the atmosphere for scientific
observation [104].

An atmosphere in which potential temperature increases
with altitude [6].

An atmosphere in which potential temperature increases

with altitude [6].

Virtual potential temperature: The theoretical potential temperature of dry air that would

have the same density as moist air [104].

153



	Analysis of Near-Surface Relative Humidity in a Wind Turbine Array Boundary Layer Using an Instrumented Unmanned Aerial System and Large-Eddy Simulation
	Recommended Citation

	tmp.1625165283.pdf.CQ9Pa

