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Abstract

The use of unmanned aerial systems (UAS) for applying dry solid products, especially
cover crop seed, has increased rapidly in the United States in recent years. Limited information
currently exists on the application performance of dry spreading systems on UAS; therefore,
studies were conducted to evaluate the spreading performance, in terms of applied rate and
distribution uniformity, of cereal rye — one of the widely used cover crops — applied with a
commercially available UAS (DJI Agras T25). The first study evaluated the calibration and
metering accuracy of the UAS, while also investigating the material distribution within the single-
pass and simulated overlap patterns across varying application rates (22.4, 33.6, 44.8, 56.0 & 64.3
kg ha!) and flight speeds (6, 7, 8, 9 & 10 m s™). Results showed that the actual flow rate (kg min-
1) differed from the flow rates suggested by the manufacturer’s internal calibration, resulting in
significant under-application of cereal rye (9.5% — 17.7%) during the field tests. The single-pass
spread patterns showed leftward skewness, indicating greater material distribution (51% to 64%)
towards the left and lower material deposition (29% to 40%) towards the right of the spread swath.
The simulated overlap spread pattern analysis indicated no effect of application rate or flight speed
on the distribution uniformity of cereal rye; however, application method affected spreading
uniformity, with the one-direction application method (CV = 19 — 28 %) exhibiting improved
material deposition within the swath compared to the progressive method (CV =22 — 39 %). The
second study investigated the effects of application height (3.0, 3.8, and 4.6 m) and spinner-disc

speed (700, 1000, and 1300 rpm) on the distribution uniformity of cereal rye within the swath
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applied with the UAS. Additionally, the effects of hopper metering gate design (medium and large
gates with varied-size openings) and spinner-disc design (straight and curved vanes) on material
distribution were evaluated across varying application rates. Results showed that both application
height and spinner-disc speed affected cereal rye distribution within the swath, with single-pass
spread patterns showing lower material deposition at an application height of 4.6 m and a spinner-
disc speed of 700 rpm compared to other heights and speeds. Similarly, the maximum single-pass
swath increased with application height (from 11.0 to 13.4 m) and spinner-disc speed (from 10.2
to 14.5 m). The distribution uniformity for overlap patterns was similar across application heights
(CV =30 - 33 %), whereas the spinner-disc speeds of 1000 and 1300 rpm (CV values of 31 and
26, respectively) demonstrated improved spreading uniformity compared to the 700 rpm (CV =
38%). The medium metering gate showed a wider single-pass swath than the large gate, but the
mean applied rate and distribution uniformity (CV = 37%) were similar across the two gate
designs. Similarly, the spinner-disc with curved vanes exhibited greater material deposition, a
wider single-pass swath, and greater leftward skewness than the straight-vane disc; however, the
spreading distribution for the overlap spread pattern was comparable (CV = 29 — 34 %) across
both disc designs. Overall, the results from these studies show promising potential for UAS as an
effective technology for applying cover crop seed; however, proper calibration and the selection
of optimal operational parameters are highly recommended to ensure accurate and uniform

application.
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Chapter One
Introduction

1.1 Introduction

Today, producers are more productive, efficient, and environmentally responsible than ever
before due to technological advancements over the past century. These advancements range from
innovations in seed genetics to highly mechanized equipment on nearly all farms today. Over the
last 40 years, another wave of agricultural advancement has occurred with the introduction of
precision farming practices and the utilization of geospatial technologies for site-specific
application of crop inputs. Junior et al. (2024) describe precision agriculture as the use of advanced
technologies, complex data analysis techniques, and cutting-edge tools to address temporal and
spatial variability in agricultural systems. The International Society of Precision Agriculture
(2024) defines precision agriculture as a management strategy that uses gathered information to
support management decisions to improve resource use, productivity, quality, profitability, and the
sustainability of agricultural production. These precision agriculture systems range from planting
and spraying technologies to variable-rate application and yield-monitoring systems on harvesters.
These technologies have enabled producers to increase crop yields and productivity, offering a
variety of technological solutions to improve efficiency and profitability on their farms.

With the evolution of technology in agriculture, Unmanned Aerial Systems (UAS, also
commonly referred to as drones) have become an increasingly popular tool for producers around
the world in recent years. While the use of UAS in agriculture in the United States has increased
recently, they have been utilized in Asian agriculture for nearly 40 years, with the first UAS being
released in the 1980s. According to Xiongkui (2017), Japan was the first country to develop and

release a UAS platform in 1985 with the Yamaha R50, a gasoline-powered helicopter with a 5 kg
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payload. Since then, technological innovations paramount to UAS design have enabled
manufacturers to significantly increase payload capacity and field efficiency of newer platforms.
These gains have further facilitated a rapid growth in UAS applications in Asia, with over 71.3
million hectares of agricultural land treated in 2021 in China alone (Ozkan, 2024). Though the
United States has been slower to adopt UAS technologies than Asian countries, their usage in US
agriculture has grown substantially in recent years, with over 4.1 million hectares treated in 2024
(American Spray Drone Coalition, 2024).

While UASs have primarily been used to apply agrochemicals (e.g., herbicides and fungicides)
to agricultural crops, their use for applying dry solid materials, especially small seeds and fertilizer
granules, has also increased rapidly. The rapid growth in UAS adoption can be attributed to the
benefits that aerial applications provide over traditional ground-based methods, including reduced
human exposure to pesticides during applications. Although effective, traditional methods of
applying crop inputs can increase soil compaction over time due to the weight of machinery,
negatively impacting cash crop yields (Shaheb et al., 2021). Whalley et al. (1994) also suggested
a negative impact of soil compaction on crop root structure, which can not only lead to short-term
yield loss but also to long-term soil regeneration and rainwater absorption issues. Soil and crop
quality are also affected by equipment use under unfavorable field conditions, such as excessive
moisture or crop height. Aerial applications with manned aircraft do alleviate some of the issues
associated with ground equipment and have been utilized in agricultural production since the early
1920s (Kraus, 2021). However, manned aircraft applications pose their own set of challenges,
including an increased risk of collision with trees or power lines due to low-altitude operations and
weather restrictions (NTSB, 2014). While UAS applications provide similar benefits to manned

aerial applications, they also offer additional advantages, such as precision applications near
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sensitive areas or in uneven terrain that would not be ideal for manned aircraft (Teske et al., 2018).
Furthermore, the small size and irregular shape of most agricultural fields, especially in the
southeastern United States, make both ground and aerial application with manned aircraft highly
inefficient. UAS can provide more efficient and effective applications in these fields through their
inherent flight performance, as well as through flight planning software that allows users to
configure flight operations to the field environment.

Given their advantages, the use of UAS to seed cover crops in the US is increasing rapidly. In
agriculture, cover crops are well known for their numerous benefits, such as improved soil
aggregate stability (Dapaah & Vyn, 1998), weed reduction (Sarrantonio & Gallandt, 2003), and
carbon sequestration in the soil (Dabney et al., 2001). However, cover crop species can vary in
physical properties, such as seed shape or density, and these properties affect flight ballistics of
the seeds (Hofstee & Huisman, 1990; Teske et al., 2007). Given that UAS spreading performance
has not been investigated to the extent that agrochemical applications have been, there is a lack of
understanding of how these systems perform under various application conditions. Specifically,
the interactions between dry material particles and various UAS spreading parameters, such as
flight height, speed, and route overlap spacing (effective swath), are not well understood. In liquid
applications, on-target spraying of pesticides is paramount to avoid drift and ensure the correct
concentrations are applied to the intended target (Bird et al., 1996). There are similar concerns
with the application of dry material, as inaccurate applications can lead to economic losses and
often undesirable field results (Roth & Field, 1992). Therefore, it is important to understand their
application performance in terms of metering accuracy and distribution uniformity so that UAS

can be utilized for effective cover crop seeding and application of other dry materials.
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1.2 Rationale

UAS adoption in agriculture in the United States has increased rapidly in recent years. Many
new applications of UAS technology have become more common, including applying both liquid
and dry materials. Liquid applications have been thoroughly investigated, with considerable
implications for improving application quality relative to various UAS design features and the
effectiveness of aerial application of agrochemicals. These include examining different nozzle
types (hydraulic versus atomizers), comparing pesticide efficacy compared to traditional
application methods, and the effect of various operational parameters such as flight height, speed,
application rate, etc., on spray coverage and efficiency. However, limited research is currently
available on the application of dry materials with UAS. Although few recent studies have
examined the application of both fertilizer and cover crop seed with UAS, much remains unknown.
Additionally, some previous research may no longer reflect the technologies currently available
on UAS platforms. Given the growing interest, especially in cover crop seeding with UAS, there
is a clear need to investigate how various operational parameters and system component designs
of commercially available UAS platforms affect the application rate and distribution uniformity
within the swath. Further investigation into these subjects and the dissemination of research
findings will enable the establishment of best practices for effective utilization of these
technologies.
1.3 Objectives
The overall goal of this research was to evaluate the application performance of dry spreading
systems on UAS when applying a cover crop (cereal rye) seed. The specific objectives of this

research were as follows:

17



1) Evaluate the metering accuracy of a dry spreading system on a commercially available UAS
for the application of cover crop seed (cereal rye).
2) Investigate the spread distribution and uniformity of cereal rye applied with UAS at varying
application rates and flight speeds.
3) Analyze the influence of application height and spinner-disc speed on the distribution
uniformity of cover crop (cereal rye) seed applied with a UAS.
4) Examine the effect of metering gate and spinner-disc design on the spreading distribution of
cover crop (cereal rye) seed applied with a UAS
1.4 Thesis Outline
This thesis is organized into five chapters. Chapter 1 introduces UAS as relevant to agriculture
today, highlights the growing interest in applying dry materials with UAS, and provides a rationale
for the research undertaken in this thesis. Chapter 2 provides information on UAS spreader
components and outlines the different metering and spreading systems currently available on the
latest models. This chapter also provides a brief review of the current literature on the use of dry
spreader systems on UAS for dry material applications. Chapter 3 investigates the calibration and
metering accuracy of a spreading system on a commercially available UAS for the application of
cereal rye, while also determining the effect of application rate and flight speed on distribution
uniformity within the swath. Chapter 4 examines the effects of various operational and structural
parameters, including application height, spinner-disc speed and design, and metering gate design,
on the distribution uniformity of cereal rye applied with a UAS. Chapter 5 briefly summarizes the
research findings and provides conclusions and recommendations to guide future efforts on the

use of UAS for spreading dry materials.
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Chapter Two

Background & Literature Review

2.1 UAS Platforms & Components

Since the Yamaha R50 was introduced in 1985, UAS platforms have steadily increased in size
and payload capacity. Currently, the largest commercially available UAS in the United States has
a payload of up to 101 kg of dry material (Hylio AG-272, Hylio Inc., Richmond, Texas). Even
smaller platforms, such as the DJI Agras T25 (SZ DJI Technology Co., Shenzhen, China), have a
25 kg payload, more than five times the R50’s capacity. This greater capacity, coupled with
increased battery endurance, allows operators to achieve a higher field efficiency, reducing the
downtime and the number of refills. Unlike previous generations of UAS platforms, modern
systems are now designed with interchangeable liquid and dry tanks to maximize the application
capacity for both agrochemicals and dry granular products. These newer UAS platforms come with
various options to easily interchange between the liquid solution tank and the dry material tank.
Some manufacturers allow for the entire propulsion system to be detached and reattached to a new
chassis, while others simply offer the option to swap the tank on the same chassis.

The first few sections of this chapter cover the various components and other information
relevant to the application of dry materials using modern UAS platforms, while the latter section
reviews the available research on the use of UAS for spreading dry materials and the effects of
different application parameters on material distribution within the swath.

2.1.1 UAS Design, Components, & Software
While earlier UAS models had six to eight arms, each with an individual rotor, the latest UAS

platforms use a four-arm layout with one or two motors per arm. This quadcopter arrangement is
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typically powered by one or two large-capacity batteries, typically located near the center of the

platform.

Figure 2.1. DJI Agras T50 with different components labeled: an interchangeable tank, forward
obstacle avoidance radar, battery location, and rear obstacle avoidance radar.

Figure 2.1 depicts different components of a common UAS platform (DJI Agras T50). Although
some manufacturers may design their platforms with slight alterations to the battery and radar
locations, this general layout is very prevalent among most commercially available UASs. The
interchangeable tank, and in some designs, an interchangeable chassis, are located at the center of
the UAS frame. This central location for both the tank and battery allows for better weight
distribution and flight performance. Most modern UAS platforms are also equipped with obstacle
avoidance radars and sensors. These technologies enable the UAS to seamlessly integrate with
proprietary software on controllers and/or smartphone applications to assist in creating flight plans
and missions. To create a flight plan, an operator can designate an application area by adding points
and areas on the controller using satellite imagery for spatial reference. This flight plan can then
be executed in various ways. Most manufacturers have configured their software to enable
autonomous flight, allowing the UAS to fly and conduct missions (applications) without human
control. For example, XAG (manufacturer of the P100 and P150 UAS platforms) offers the XAG

One app (XAG Co., Ltd, Guangzhou, China) for mission planning and flight parameter alterations,
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such as flight height, application rate, and flight speed. During flight, application data and other
flight information, such as flight speed and altitude, are also reported to the operator via the
controller or the app. This data is useful for monitoring the UAS's in-flight performance and
enabling the operator to make desired changes to the application parameters. The UAS software
uses incoming data to adjust the product flow rate, keeping it closer to a target rate specified by
the operator. Given the ability to fly autonomously, partially autonomously, and manually, users
are offered a wide range of options within the flight planning software to apply products within
the target area.
2.1.2 Metering Systems for Dry Materials

Among the UAS platforms currently available in the United States, there are two prominent
spreader system designs for dry material applications. The first utilizes a single, horizontally
mounted spreader disc that dispenses material across the swath. The manufacturers that utilize this
design include DJI, EAVision (Suzhou Eavision Robotic Technologies Co., Ltd, Suzhou, China),
and Hylio. These systems typically use a dry tank that relies on gravity to flow material through a
metering gate onto the spinner disc mounted below [Figure 2.2(a)]. Manufacturers offer different
metering (or feed) gate options with varying openings, allowing the operator to use the metering
gate best suited to the type of material to be spread. Generally, granular products with smaller
particle sizes require metering gates with smaller openings and vice versa. The newest models
released by DJI and EA Vision at the time of writing use a horizontally mounted auger below the
tank [Figure 2.2(b)] to meter material rather than a metering gate. Each manufacturer offers several
options for auger screws with different flight (spiral-shaped helical blades coiled around a center

shaft) spacing and sizes. This is intended to allow operators to select an auger based on the type of
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material to be spread, with a large auger designed to handle large rates or large granular materials.

Similarly, small augers are recommended for small materials or low flow rates.

Figure 2.2. a) Illustration of a gravity-fed type metering gate on a DJI T25, and b) an auger type
metering system on a DJI Agras T70.

2.1.3 Spreading Systems for Broadcasting Dry Materials

Once the material is metered from the hopper, there are two types of broadcast systems currently
utilized by UAS manufacturers. The first design utilizes a single horizontal spinner-disc mounted
below or behind the metering system’s outlet. These discs are typically designed with straight,
curved, or a combination of both vane types. The speed of these discs can be adjusted via the UAS
controller, theoretically enabling more precise control of material distribution. Figure 2.3(a)
depicts a common single-disc spreader, along with Figure 2.3(b & c) showcasing two spreading
disc designs. On most systems, the spinner disc is covered by a shroud to help deflect material
down into the swath. Manufacturers such as DJI, EAVision, and Hylio typically use this type of

single-disc spreader system on their UAS platforms.
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spread material across the swath, and b) Baftle disc assembly displaying the auger discharge
area.

The second type of spreading system design consists of one or two vertically mounted discs

with baffles that oscillate left and right to distribute material across a swath; XAG is the most well-
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known manufacturer that uses this design. The XAG UAS platform utilizes a horizontally mounted
auger beneath the tank to deliver material to the discs, similar to the newest DJI and EAVision
designs (Figure 2.4). These manufacturers also offer augers of varying sizes that can be installed
beneath the tank, allowing users to easily interchange the correct auger size for the subject material.
2.1.4 UAS Spreader Calibration for Dry Materials

Regardless of the type of metering or spreading system, proper calibration of the UAS is
important and recommended by all UAS manufacturers to apply the desired rate. Most
manufacturers also provide an internal calibration process or steps to verify the applied rate.
However, the exact process can differ slightly between different manufacturers. For example, DJI
uses an internal procedure that requires the user to place their UAS between two raised objects,
remove the spinner disc, and place a container beneath the gate, as illustrated in Figure 2.5(b).
Once the hopper is approximately 80% full, the software prompts the user to select the metering
gate currently installed in the system. The system will then automatically begin a calibration, with
the resulting calibration then named and saved for future use [Figure 2.5 (a)]. The resultant
calibration provides a graph depicting the increase in material flow as the metering gate’s opening
increases, with a maximum flow rate in pounds per minute at 100% metering gate opening. For
newer generations of DJI Agras models that use an auger instead of a hopper gate, the procedure

is the same, except that the installed auger size is selected rather than a metering gate.
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Figure 2.5. a) Materials management page on a DJI Agras controller and b) DJI Agras T25
propped between two raised objects undergoing a material calibration.

XAG uses a similar calibration procedure up to the selection of the metering gate (auger) in
their models. Once the currently installed auger is selected, the system will begin a 20-second
calibration, maintaining a constant auger speed throughout. Upon completion of the calibration,
the dispensed material is weighed and entered into the controller to complete the material

calibration process. No visual flow rate graph is provided, as in the DJI system.
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Figure 2.6 a) Material calibration page on the XAG P150 controller and b) Auger selection page
that precedes the calibration.
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In addition to static testing to calibrate the material flow rate (pounds per minute or kilograms
per minute), standard pan testing is also recommended to determine the applied rate and uniformity
of material across the swath. The ASABE standard S386.2 outlines the calibration procedure for
this testing (ASABE, 2024). The standard provides information on collector size and spacing
across the swath, environmental conditions to test in, as well as flight path and test area
requirements. In brief, a line of collection pans is established in the field, and the UAS passes are
then made over and perpendicular to the collection pans, with material dispensed at the target rate
and other desired operational parameters entered into the UAS controller. After each pass, the
material collected in each collector is weighed and converted into an applied rate. A coefficient of
variation (CV) is calculated to quantify the distribution uniformity of material applied within the
swath. This testing to determine the applied rate and spread uniformity is highly recommended to
identify the optimal spreading parameters specific to the material being spread and the UAS
platform.

2.2 Literature Review

Although limited research is available on the use of modern UAS platforms for spreading cover
crops or other dry materials, few recent studies have investigated their application performance
and the effect of design characteristics on material distribution within the swath. Thomas (2025)
evaluated the accuracy of the metering system and the spreading performance of the DJI T20P
using three cover crop mixtures. The author conducted calibration checks by capturing the material
from the UAS at multiple set points and determining the flow rate. He found that the internal
calibration was appropriate, but there were distinct differences between the manufacturer-
recommended and his calibration results. The manufacturer-recommended calibration did not

capture a reduction in material flow above 90% of the metering gate opening. It also failed to
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determine or provide any information regarding the minimum hopper gate opening for consistent
material flow, as the author found distinguishable points at which material flow was inconsistent
at lower gate openings. The UAS exhibited a left-skewed single-pass spread pattern, which is
inherent to most single-disc broadcast systems. Spread pattern tests conducted at spinner-disc
speeds of 550, 800, 1050, and 1300 rpm indicated that the lowest rpm exhibited the highest
skewness and the narrowest simulated overlap swath with a CV below 30%. The effect of the other
three spinner disc speeds (800, 1050 and 1300 rpm) was not significantly different, though the
peaks within the spread pattern decreased with spinner disc speed, and more material was
distributed towards the edge of the spread pattern.

Xia et. al. (2025) tested various application heights, flight speeds, and spinner-disc speeds
using a DJI Agras T40 for spreading three different granular fertilizer types: small-grain urea
(mean particle size of 1.62 mm), large-grain urea (3.49 mm), and urea-ammonium nitrogen (2.92
mm). The authors placed collectors in 5 rows, each with 10 collectors. The rows were 5 m apart,
with the pans spaced 1 m within the row. For the parameters examined, a single flight was
conducted over the center of the collection area, perpendicular to the rows, with application heights
of 2, 3,4, 5, and 6 m. The authors reported no effect of flight height on distribution uniformity for
large granular urea at flight heights below 5 m. At a height of 6 m for large granular urea, the CV
value improved to 16.8% and was significantly different from the other tested flight heights. For
both small granular urea and urea-ammonium mixed nitrogen, a significant difference in
distribution uniformity within the swath was found at a flight height of 2 m for each fertilizer type.
For all three granular fertilizers, the application speeds of 2, 4, 6, 7, and 9 m s™! were also tested.
The effect of application speed on distribution uniformity was only observed at 5 m s’ for small

granular urea and at 2 m s™! for large granular urea. Xia et al. (2025) also tested spinner-disc speeds
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of 500, 700, 900, 1100, and 1300 rpm and their effect on spreading performance. A general trend
of increasing distribution uniformity with higher spinner disc speed was observed. Although there
were no significant differences for the small granular urea, the CV values still improved as the
spinner disc speed increased. The authors also examined the course spreading stability (CSS),
which represented the material distribution examined 90° to the flight path, moving left to right,
and the planar uniformity (PU), which represented the particles caught in each collector compared
to the average particle number in each collector. Considering that both the CSS and PU coefficient
of variation values generally improved at lower application heights, they recommended applying
granular materials at lower heights to reduce the impact of environmental conditions on the
spreading performance. They also suggested using higher spinner-disc speeds for all three
fertilizers if wider application swaths are desired, with lower speeds more suitable for narrower
swaths.

Xunwei et. al. (2024) examined the spreading disc design on a DJI Agras T60 and conducted
field tests using urea fertilizer (average particle size of 3.38 mm) and compound fertilizer (2.96
mm) to assess the accuracy of a spread pattern distribution model. The authors performed a
simulation test using EDEM 2022.2 software (Altair Engineering, Michigan, USA) and compared
the results with field testing conducted utilizing the same parameters. They reported a relative error
of 9.18% between the measured and simulated distributions, with the simulation overestimating
the amount of fertilizer applied and thus requiring normalization. Given that the simulated results
were comparable, the authors proceeded to further modeling and testing using a simulated fertilizer
particle size of 2.96 mm. Simulations on spinner-disc designs were conducted at three auger speeds
of 100, 300, and 500 rpm, with an analysis examining a static distribution of material around the

spreader. Although straight vanes on the spreading disc offered better distribution uniformity at
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the lowest material flow rates (auger speed of 100 rpm), curved vanes exhibited improved
uniformity at the two highest auger speeds tested. The authors suggested that a combination of the
two vane designs (straight and curved) would be ideal for applications, as they can complement
each other across a range of material flow rates. Using a similar simulation method for the
deflection angle, the authors also examined the curved vane deflection angle at an auger speed of
100 rpm and found that 40° provided the optimal uniformity for the materials tested. The authors
used an optimized spreader for a field test examining multiple operational parameters conducted
over 3 rows of collectors (spaced 5 m apart), with 17 collectors within each row spaced 0.5 m
apart. Keeping all other parameters fixed, individual parameters were tested to determine their
effect on the spread distribution. Various spinner-disc speeds (700, 800, 900, 1000, and 1100 rpm),
auger speeds (100, 200, 300, 400, and 500 rpm), and flight speeds (3, 5, 7, 9, and 11 m s™!) were
tested. Results for effective swath widths of 8, 9, and 10 m suggested that spinner-disc speed had
a statistically significant impact on CV values at 9 and 10 m. Auger speed had a significant impact
on the CV values across all tested spread widths, as higher speed led to greater deposited material
within the swaths. Flight speed significantly affected spread uniformity only at the 8 m spread
swath but did not affect the other spread widths tested. The authors also tested three urea
application rates of 45, 90, and 135 kg ha™! and three compound fertilizer rates of 150, 225, and
300 kg ha! using the same sampling method, though with three flights over the area to replicate
an overlap application method. They reported that increasing application rates led to lower CV
values (38.1, 18.9, and 14.0%, respectively) for the urea, while the CV values across the compound
fertilizer rates remained relatively consistent (14.7%, 15.1%, and 17.2%, respectively).

Although few UAS application studies with dry materials were conducted prior to 2024, the

rapid advancement of UAS technology has outpaced many of the systems and control mechanisms

29



used in those studies. As such, the results of those studies remain relevant but must be examined
with the understanding that the components and systems discussed are no longer used on prevalent
UAS platforms. Song et. al. (2023) examined two commercially available UAS platforms, the DJI
T16 and the R20 (Xiangnong Innovation Technology Co., Ltd., Shenzhen, China). The R20
featured a pneumatic air induction system that diverted the gravity-fed dry material into six air
ducts, all of which exit the rear in a fan-shaped pattern. The T16 used a more common design: a
gravity-fed single-disc spinner spreader. Both UAS were tested with medium granular urea
fertilizer. The authors reported that increasing application height generally improved the
distribution uniformity of urea as the application swath increased (tested at 5, 7, and 9 m above
the collection area). As the application height increased, the distribution of material began to
regress from high material peaks near the center of the flight path to flatter material distribution
curves. Neither model’s system was capable of automatically regulating material flow to
compensate for changes in flight speed, which were tested at 2, 4, and 6 m s™'. This inability to
regulate material flow led to a decrease in the amount of urea captured as flight speed increased,
consistent with previous recommendations that flight speed should be adjusted to target specific
application rates with these models.

Wang et al. (2023) designed and tested a 6-channel air-inducted spreader system. The authors
conducted initial simulations and design considerations for fertilizer with an average particle size
of 2.98 mm. Based on simulated model data, a static collection area with 512 collection pans was
developed for the designed spreading system. This static testing was conducted indoors to isolate
the system's design influences, with the system placed 5 m above the collection area. The authors
found that an optimized version of the system resulted in a slight skewness of material left of the

centerline, but simulated overlap CV values were acceptable with (8.7%, 8.8 m swath) and without
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(15.3%, 8 m swath) partitions ahead of the 6-channel outlet. They concluded that material flow
control from the hopper onto the spreading system can influence the distribution of material in a
swath; hence, the improved distribution with partitions that assisted in material flow.

Similarly, Wu et al. (2020) investigated a spreading system for rice seeding with a UAS
YRX620 (Guangxi Yunrui Technology Co. Ltd., China). The authors first simulated the
distribution uniformity of rice seeds using a bulk material simulation software, EDEM (DEM
Solutions, Ltd, Edinburgh, United Kingdom), to determine the application parameters that
influence the uniformity of the applied rice seed. It was determined that application height and
spinner-disc speed had the greatest effect on the distribution, though baffle ring angle (the angle
at which the apron around the spinner disc is flared out) is still influential to a lesser degree. The
authors also tested five application heights (0.5, 1, 1.5, 2 and 2.5 m), five spinner disc speeds (400,
450, 500, 550, and 600 rpm), and five baffle ring angles (15°, 20°, 25°, 30°, and 35°) within the
simulation program. Among the findings, the combination of parameters that yielded the optimal
CV value (18.11%) was interpreted as a spinner disc speed of 600 rpm, an application height of
2.1 m, and a baffle ring angle of 26°. These settings were verified in a static test, in which the CV

values ranged from 21% to 39%.
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Chapter Three
Application Rate Accuracy and Distribution Uniformity of Cover Crop

Seeding with an Unmanned Aerial System (UAS)

3.1 Abstract

The use of unmanned aerial systems (UAS) for seeding cover crops is increasing rapidly, yet
limited information is available on their application performance. Therefore, studies were
conducted to assess the application rate (metering) accuracy and the distribution uniformity of
cover crop seed (cereal rye) applied with a UAS (DJI Agras T25). Static tests were conducted to
determine the actual material flow rate from the hopper at different metering gate openings (10%
to 100%). Field tests were conducted to determine the applied rate and assess the distribution
uniformity of cereal rye across the swath at different target rates and flight speeds. The actual flow
rate (kg min') differed from the values suggested by the internal calibration, resulting in a
significant underapplication of cereal rye (9.5%—17.7%) across different target rates and flight
speeds during the field tests. The single-pass spread patterns showed leftward skewness, indicating
greater material distribution (51% to 64%) towards the left and less material deposited (29% to
40%) towards the right. The simulated overlap spread pattern analysis indicated no effect of
application rate or flight speed on the distribution uniformity of cereal rye. However, the one-
direction application method exhibited improved material deposition within the swath than the
progressive method. A CV analysis at different simulated effective swaths indicated no
considerable improvement in the distribution uniformity at narrower operating swaths. Future
research should investigate the effect of other operational parameters, such as application height
and spinner-disc speed, on effective swath and uniformity, along with testing different cover crop

seeds (mixtures).
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3.2 Introduction

The effective use of cover crops in agriculture has been linked to enhanced crop yields,
restoration of soil organic carbon (Vendig et al., 2023), reduced soil erosion, and mitigation of
nutrient loss through leaching and surface runoff (Kaye & Quemada, 2017). Due to their
demonstrated benefits, the use of cover crops among agricultural producers increased by 17% from
2017 to 2022, with over 7.2 million hectares planted (Bowman & Morales, 2024). Typically, cover
crops are seeded using a grain drill or broadcast with a spinner-disc spreader; however, these
methods can introduce challenges associated with agricultural equipment, such as increased soil
compaction (Shaheb et al., 2021) or reduced traction when seeding cover crops in wet field
conditions. Another common, though less utilized, method is to broadcast cover crop seed from a
manned plane or helicopter. This method is more commonly used when field conditions preclude
the use of ground equipment, to establish a cover crop before harvesting a cash crop, or when large
fields can be covered more efficiently than with ground equipment. Aerial seeding of cover crops
is also subject to challenges, including weather restrictions and an increased risk of off-target
seeding due to equipment and environmental turbulence (Wilson et al., 2014).

Recently, the use of Unmanned Aerial Systems (UAS) in agriculture has increased rapidly in
the United States, with over 4.1 million hectares treated by UAS in 2024 (ASDC, 2024). The
majority of these applications involve applying agrochemicals to agricultural fields or crops.
However, most modern UAS platforms also include an interchangeable dry application (spreading)
system for broadcasting solid materials such as cover crop seed and small granular fertilizers.
These systems typically include a tank, a gravity-fed or auger-type metering mechanism, and a
horizontal or vertically mounted spreading mechanism to broadcast material across the swath.

Similar metering and spreading systems, particularly single- or dual-disc spinners, are commonly
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used on ground-based application equipment to broadcast dry granular fertilizer. Although simple
in design, these systems are known to have non-uniform distribution due to their design and the
ballistic characteristics of spreading materials (Miclet et al., 2011). To improve application
performance, the spreading characteristics of single- and dual-disc broadcast spreaders have been
studied by several researchers (Yildirim 2008; Han et al., 2015; Przywara et al., 2020).

With the increased use of UAS for pesticide applications, recent research has focused on
understanding their spray performance and the effects of various application parameters on spray
efficiency and efficacy (Ahmad et al., 2020; Byers et al., 2024; Giines & Hasegawa, 2025). These
studies have suggested that the proper selection of the application parameters, such as rate, flight
speed and height, is important to ensure optimal spray coverage and uniformity. Similarly,
improper application of dry materials, particularly cover crops, can have adverse effects, ranging
from uneven crop growth to increased seed costs (Bergtold, 2019). Cereal rye (Secale cereale) is
amongst the most widely used cover crops in the United States (Sever, 2023) due to its numerous
benefits, such as excellent winter hardiness, weed suppression, and residue persistence (Basche et
al., 2016; Rorick & Kladivko, 2017). In 2023, over 890,000 hectares of cereal rye were planted in
the United States (USDA, 2024). Cereal rye is also used in various cover crop mixtures, often
seeded with other small grains, legumes, and brassicas. Accordingly, the majority of cover crop
seeding with UAS involves broadcasting cereal rye or a cover crop mixture that includes cereal
rye. With increased use of UAS for cover crop seeding, investigating their spreading performance,
especially application rate and distribution uniformity, is much needed to inform effective
utilization of this technology. Therefore, a study was conducted to evaluate the application
performance of a UAS for cover crop seeding. The specific objectives of this study were to (1)

evaluate the application rate (metering) accuracy of a UAS when applying cereal rye at different
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target rates and flight speeds, and (2) assess the distribution uniformity across the swath for cereal
rye applied with a UAS at different rates and flight speeds.
3.3 Materials and Methods
3.3.1 Application Equipment and Material

A commercially available UAS, DJI Agras T25 (SZ DJI Technology Co., Shenzhen, China),
was used for all experiments conducted in this study. The DJI T25 has a quadcopter arrangement,
with a dry material tank capacity of 35 L [Figure 3.1(a)]. A hopper gate (metering disc) with three
equally sized slots [Figure 3.1(b)] regulates material from the tank onto a single rotary (spreader)
disc, which broadcasts it across a swath. The manufacturer offers three different hopper gate
options (small, medium, and large) to meter dry products of varying sizes and densities. Based on
preliminary testing, it was determined that a large hopper gate [Figure 3.1(b)] would be adequate
to apply the target application rates of cereal rye. The UAS was operated by utilizing a DJI RC
Plus remote controller with pre-installed DJI Agras flight planning software. During all field
testing, the T25 UAS was connected to the Alabama CORS network to utilize RTK positioning,
which resulted in a horizontal and vertical position accuracy of £10 cm. The DJI flight planning
software enabled the creation and utilization of a pre-programmed flight path for conducting all

the field tests. The detailed specifications for the DJI Agras T25 UAS are provided in Table 3.1.
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Figure 3.1. (a) DJI Agras T25 UAS equipped with the dry spreading system. (b) Large
hopper (metering) gate and (c) curved-vane spinner disc used for application of cereal rye with
the UAS.

Table 3.1. Specifications for the DJI Agras T25 UAS.

UAS Characteristics Value(s)
Platform Weight (empty) (kg) 32
Payload (kg) 25
Dimensions (unfolded) (mm) 2585 x 2675 x 780
Tank Volume (L) 35
Hovering Time (full) (min) 6
Recommended Spraying Width (m) 5-8
Maximum Spraying Speed (m s™!) 10.0
Battery Capacity (mAh) 15,500

Cereal rye seed was used as the cover crop seed for application with the UAS due to its
widespread use. A bulk load of cereal rye was acquired in the Fall of 2024, and its bulk and particle

density were measured (68.2 kg m™ and 1.2 g cm™, respectively). The study involved conducting
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two different types of tests to accomplish the stated objectives. The first set of experiments to
assess the UAS's metering (rate) accuracy included both static laboratory tests and field tests. The
second experiment aimed to evaluate the in-swath distribution uniformity of cereal rye and
consisted primarily of field tests conducted outdoors at an open, uncropped site.

3.3.2 Static Flow Rate Testing

All static tests were performed at the Biosystems Engineering Research Laboratory located on the
Auburn University campus (Auburn, AL). Before any testing, a manufacturer-recommended
calibration procedure was performed by filling the tank (80% of the full capacity) with cereal rye
and initiating the calibration through the controller. During this calibration, the UAS outputs
material at a few different (preset) hopper gate openings and records the flow rate by sensing the
material remaining in the tank using an integrated weight sensor. The calibration concludes with a
visual graph displaying the flow rate curve (material flow in pounds per minute versus the
percentage of hopper opening) for that specific material [Figure 3.2(a)]. This calibration curve can
be viewed and saved on the controller for use during field applications. However, it cannot be
exported outside the controller and does not provide specific information on flow rate at different
hopper openings, except for displaying the maximum flow rate the UAS can achieve at 100%
hopper gate opening. Hence, static tests were conducted to determine the actual flow rate (kg min
1) of cereal rye at different hopper gate openings (%) to generate a flow rate curve and compare it
with the manufacturer-generated calibration. These tests involved removing the spinner disc from
the UAS and supporting it between two raised platforms so that a container could be placed beneath
the spreader tank to catch the material dispensed from the hopper, as shown in Figure 3.2(b). Next,
the spreader tank was filled with cereal rye, and different gate openings, ranging from 0% to 100%

in increments of 10%, were entered into the controller in manual mode [Figure 3.2(c)]. The hopper
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gate opening is also referred to as hopper outlet size (%) in the UAS controller. At each opening,
the material dispensed from the hopper was collected for 30 seconds and then weighed to

determine the flow rate in kilograms per minute. This process was repeated three times at each

hopper gate opening.
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Figure 3.2. (a) Example of flow rate graph generated during calibration, (b) UAS setup for
collecting static flow rate data, and (c) UAS controller screen showing the hopper outlet size that
was changed during static testing.

The data collected during static testing were plotted with material flow on the y-axis and hopper
gate opening on the x-axis to generate a flow rate curve depicting the actual flow of cereal rye
across varying hopper gate openings. A least-squares regression curve was fitted to the data in MS
Excel to determine the relationship between the measured flow rate and hopper gate opening.
Furthermore, Equation 1 was used to calculate the required flow rates to achieve different target
application rates and flight speeds during the field tests. This information, along with the flow rate
curve, was used to calculate the theoretical hopper gate opening for each target application rate

and compare it with the actual hopper gate opening attained by the UAS during field testing.

R XS XW
F=—m0

where
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F = flow rate (kg min.™")

R = target rate (kg ha™!)

S = flight speed (m s™)

W = application swath (m)

CF = conversion factor (167)
3.3.3 Field Testing

Field tests were conducted at the E.V. Smith Research Center in Shorter, AL, on a flat, open,

and uncropped site (32°26'39.5" N 85°53'45.5" W). The application area selected within the field
for testing was approximately 150 m long and 30 m wide. A flight plan was created in the DJI
SmartFarm App, consisting of a single pass of the UAS directly through the center of the
application area. This flight plan was used throughout the testing to maintain a consistent single-
pass application of the UAS, with all field tests conducted with the UAS in an autonomous ‘Route
Mode’. During all field tests, the tank level was maintained at 80% of the full capacity (25 kg) by
refilling it with cereal rye after each UAS pass. The field tests were conducted in the Fall of 2024
and the Spring of 2025. Table 1 provides information on the different target rates and flight speeds
used during field testing. It should be noted that these experiments were not a factorial arrangement
of application rate by flight speed but instead were conducted separately during the same week.
These tests are labeled Field Test 1 and 2, where Test 1 involved applying cereal rye at rates of
22.4, 33.6, 44.8, 56.0, and 67.3 kg ha! with the UAS, while keeping the other parameters,
including flight speed, height, and spinner disc speed, fixed. Similarly, Test 2 involved applying
cereal rye at flight speeds of 6, 7, 8,9, and 10 m s™! with a fixed application rate, height, and spinner
disc speed (Table 3.2). These application rates and flight speeds were selected to produce a varying

range of material flow rates, enabling an accurate evaluation of UAS metering accuracy and
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distribution uniformity. Along with the fixed application height of 3.8 m and spinner disc speed of
1000 RPM, these parameters also represented the nominal application rates (33.6 - 44.8 kg ha')
and flight speed (10 m s™!, which represented the maximum speed) used by the UAS operators for
broadcasting cover crop seed. The application parameters, such as target rate, speed, height, and
spinner speed, specific to each test, were entered into the controller before each flight.

Table 3.2. Application parameters specific to each field test conducted for assessing UAS
seeding performance.

Field Rate Speed Height Spinner Speed
Test (kg ha™ (msh (m) (RPM)
22.4 10 3.8 1000
33.6 10 3.8 1000
1 44.8 10 3.8 1000
56.1 10 3.8 1000
67.3 10 3.8 1000
44.8 6 3.8 1000
44.8 7 3.8 1000
2 44.8 8 3.8 1000
44.8 9 3.8 1000
44.8 10 3.8 1000

3.3.4 Application Rate Assessment

During field testing, the first experiment involved removing the spinner disc and attaching a
rectangular collector, measuring 61 cm x 41.3 cm x 15.2 cm, underneath the UAS to collect the
material dispensed from the hopper during the flight. This data collection was performed across
different target rates and flight speeds (Table 3.2.), with each test replicated four times and each
flight constituting a replication. After each flight, the collector was removed and weighed using a
scale with a readability of 0.01 g (Ohaus Courier 5000, Ohaus Corporation, Parsippany, New
Jersey) to determine the total amount of material (cereal rye) dispensed by the UAS. Based on the
fixed application area (0.105 ha) used for all field tests, the theoretical amount of material to be
applied by the UAS was also calculated for each target application rate. The theoretical and actual
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values were compared to evaluate the UAS's metering accuracy. The hopper gate opening (%)
attained by the UAS (displayed on the controller during each flight) was also recorded during field
tests to enable comparison with the theoretical gate opening (%) determined during the static flow
rate testing.
3.3.5 Distribution Uniformity Assessment

After completing field tests without the spinner disc, the second experiment involved
reattaching the spinner disc to the UAS and capturing the applied material in collection pans placed
on the ground. Before this data collection, preliminary tests were conducted using five different
collection pans that varied in size, particularly in terms of collector opening and depth. This testing
was performed to select the collection pan that captured the most material and with a minimal seed
bounce out of the pan. Based on this testing, the collection pans measuring 61.8 cm x 45.6 cm %
26.8 cm (shown in Figure 3.3) were selected for this set of field data collection. A rectangular
piece of Styrofoam was also placed at the bottom of each pan to further prevent any material from
bouncing out. All field tests for assessing the distribution uniformity of cereal rye were conducted
following the procedures outlined in the ASABE standard S386.2, Calibration and Distribution
Pattern Testing of Agricultural Aerial Application Equipment (ASABE, 2024), unless otherwise
noted. A total of 29 pans, spaced evenly at 0.61 m intervals from the center of one pan to the next,
were placed in a single line within the application area (Figure 3.3). This arrangement of pans was
perpendicular to the flight path and was directly centered under the UAS pass. The total distance
covered by the pans was 17.7 m, which was more than twice the spread swath (5 to 8 m)
recommended for the UAS manufacturer. During each test, the UAS performed a single pass over
the collection pans with the desired application parameters preset in the controller and broadcast

the material within the application area.
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Figure 3.3. Data collection setup demonstrating the collection pans placed within the application
area and perpendicular to the UAS pass for assessing the distribution uniformity of cereal rye
across the swath.

After each flight, the material from each pan was carefully collected in a small, pre-labeled zip-
lock bag and stored in a large container to be weighed later. During field testing, a weather station
(6252 Vantage Pro2, Davis Instruments, Hayward, CA) was installed within the application area
to record meteorological conditions, including wind speed and direction, temperature, and relative
humidity, in 1.0-minute intervals. The weather station was installed at a height of 1.8 m from the
ground and was located approximately 10.0 m away from the outermost collection pan towards
the left side of the swath. The meteorological data averaged for the duration of each field test are
presented in Table 3.3. The weather conditions stayed consistent throughout the field testing, with
the wind speed remaining mostly low (<1.9 m s) during both field tests, resulting in no significant
effect on the application of cereal rye. The wind direction was north to northeast and stayed within

+15° perpendicular to the orientation of the collection pans throughout the testing.
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Table 3.3. Meteorological conditions recorded during field tests conducted for assessing the
distribution uniformity of cereal rye applied with the UAS. Values represent mean + standard

deviation.

Field  Wind Speed Temperature Relative
Test (ms™h) 9] Humidity (%)
1 1.4+0.5 11.4+0.2 71.5+1.3
2 1.2+0.3 14.0+0.2 62.9+0.6

3.3.6 Data Analysis

The material collected during the field tests was weighed using a scale with a readability of
0.01g (Ohaus Scout SPX222, Ohaus Corporation, Parsippany, New Jersey) and recorded in an MS
Excel sheet. These weights were converted into an applied rate in kilograms per hectare at each
pan location within the swath (ASABE S386.2). Further, single-pass and overlap simulated
distribution patterns were generated from the applied rate calculated at each pan location. The
single-pass patterns were generated by plotting the mean applied rate (kg ha!) versus the location
of each pan within the swath. To analyze and compare the single-pass patterns, total material
applied within the swath (kg), maximum single-pass swath (m) and pattern skewness (%) were
calculated and subjected to analysis of variance (ANOVA) using an alpha value of 0.05. Treatment
means for significant effects were separated using the Student’s t-test (p<0.05). The overlap spread
patterns, characterizing the uniformity of distribution within the swath, were generated for an
effective swath of 7.3 m (24 ft), which represented the nominal route spacing (7 — 7.5 m) used by
the UAS applicators for cover crop seeding. To evaluate and compare the effect of application
method on the distribution uniformity of cereal rye, simulated overlap passes were generated using
two different methods — progressive and one-directional — as defined in the ASABE Standard
S386.2 (ASABE, 2024). The progressive method, as the name suggests, uses a progressive
application pattern, with the direction of travel changing from pass to pass. This produces a right-

on-right wing overlap that alternates with a left-on-left wing overlap. The one-direction (also
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known as racetrack) method results in a right-on-left wing overlap pattern. For all simulated
overlap patterns, the mean applied rate and coefficient of variation (CV), which indicates the
amount of variability within the swath, were computed using equations in ASABE S386.2
(ASABE, 2024).
3.4 Results and Discussion
3.4.1 Application Rate Assessment: Static Testing — Flow Rate Calibration
The flow rate curve generated from the data collected during the static testing is presented in Figure
3.4(a). It depicts a non-linear relationship between the amount of material flow per minute (kg
min') and the hopper gate opening (%). The trendline fitted to the data provided a quadratic
equation (Equation 2) with an R? value of 0.99.

F = 0.009X2 + 0.048X (2)
Where F is the flow rate in kg min! and X is the percent hopper opening.

Using this equation, the maximum flow rate for cereal rye (at 100% hopper gate opening) was
determined to be 94 kg min™!. This value differed significantly from the maximum flow rate of
68.3 kg min! (150.5 Ibm min™"), displayed on the controller at completion of the manufacturer-
recommended calibration procedure [Figure 3.4(b)]. The manufacturer-generated calibration curve
[Figure 3.4(b)] also visually differed from the actual flow rate curve [Figure 3.4(a)], where it
appears to show a linear relationship — instead of the quadratic relationship as noted earlier —
between the flow rate and gate opening, especially between the gate opening of 20% to 100%.
These differences in flow rates highlight the inadequacy of the manufacturer's calibration
procedure in accurately representing the actual flow rate from the hopper and would likely result
in significant rate errors during the application of cereal rye with the UAS. Considering these

results, similar calibration issues can also be expected for other cover crop seeds or mixtures, as
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the main problem lies in the calibration approach (using only three to four measurements) used by
the manufacturer, which fails to account for and depict the non-linear (or quadratic) relationship
between the hopper gate opening and material flow rate. The authors believe that adding more
measurement points (likely three to four additional evenly spaced measurements) to the existing
calibration procedure can improve its accuracy and enable more precise applications. Additionally,
it is worth noting that the current calibration does not account for product density and only
estimates material flow through different openings. The ability to include and account for product
density during calibration can further improve the UAS's metering accuracy.

Thomas (2025) performed similar calibration testing with different cover crop seeds, including
cereal rye, using the DJI Agras T20P UAS (SZ DJI Technology Co., Shenzhen, China), which has
a similar gravity-fed hopper gate opening as the DJI Agras T25. The author also noted some
limitations of the UAS’s self-calibration process. Unlike the DJI T25, the T20P UAS does not
provide any information on the maximum flow rate, which means the operator cannot compare or
verify the accuracy of the flow rate determined through the calibration process. Song et al. (2020)
compared the fertilizer discharge (flow rates) from four different UAS models equipped with
different metering systems. The authors reported that the relationship between the discharge rate
and opening or angle of the metering gate was specific to each system and varied from a perfect
linear regression for one metering system to a quadratic relationship for other systems. The authors
also emphasize that determining an accurate flow rate response for the existing metering system
on the UAS is crucial for achieving the desired rates, particularly for precise variable-rate

applications.
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Figure 3.4. (a) Flow rate versus hopper opening (%) curve generated from the data collected
during static testing. (b) Graph showing the flow rate versus hopper opening based on the
manufacturer-recommended calibration.

3.4.2 Application Rate Assessment: Field Testing

The summarized data from the field testing conducted to assess the accuracy of the application
rate (without the spinner disc) are presented in Table 3.4. For each target rate, the theoretical gate
opening was determined by calculating the required flow rate to achieve that rate and then using
the quadratic equation from the flow rate curve shown in Figure 3.4(a). It can be observed that the

actual hopper gate opening attained by the UAS (as recorded by the flight controller during
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application) was approximately 2% to 4% less than the theoretical hopper gate opening.
Consequently, differences between the target and measured rates were also observed, with under-
application ranging from 9.5% to 17.7% across the various application rates and flight speeds.
Interestingly, the highest under-application (17.2%—17.5 %) across both field tests was observed
at the lowest target rate (22.4 kg ha™') and the lowest speed (6 m s™), and was significantly greater
than the under-application (9.5%—12.9%) observed across the other rates and speeds. Considering
the trapezoidal shape of the hopper gate and the oblong shape of cereal rye seeds, this may be
attributed to material bridging occurring at the lower gate openings, especially below 30%,
resulting in an inconsistent material flow through the hopper opening. This inconsistent material
flow at the lower gate openings (<30%) was also visually observed during the static flow testing.
While that effect may not be as pronounced during the flight due to vibration induced by the
propellers and the slight forward tilt of the UAS, a significantly low under-application observed at
the lowest target rate and flight speed suggests potential metering issues under these application
conditions and warrants further investigation. Thomas (2025) also reported similar issues during
testing with different cover crop seeds and suggested determining a minimum hopper gate opening
(%) specific to the material being spread (based on seed size and shape) to ensure consistent
material flow. Considering these observations, it is worth mentioning that the proper selection of
a hopper metering gate, based on the type of cover crop seed and the target application rate, is
important for consistent material flow and accurate applications with UAS. Overall, the findings
from these field tests further validate the calibration issues discussed earlier and underscore the
importance of proper calibration for accurate metering and applying the desired rate of cover crop

seed with the UAS.
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Table 3.4. Data summary from the field tests involving cereal rye dispensed from the UAS
(without the spinner disc) at different application rates and flight speeds.

Measured Rate!®

Field Target Flight  Gate Opening (%) (ke ha'!) . Percen;ca] o
Test Rate Speed ' Std. Difference'®”
(kgha') (ms?') Theoretical Actual Mean Dev. (Actual — Target)
22.4 10 29.5 25.8 18.5a 0.9 -17.2 a
33.6 10 36.7 34.8 304b 0.8 -9.5b
1 44.8 10 42.7 39.8 40.1 ¢ 1.1 -10.5b
56.0 10 48.1 46.0 49.4d 0.4 -11.8b
67.3 10 52.9 51.5 60.1¢ 1.1 -10.7b
448 6 32.5 29.8 36.9 A 1.3 -17.7 A
448 7 353 333 392 A 3.2 -12.5B
2 448 8 37.9 345 392 A 2.3 -12.5B
448 9 40.4 37.0 39.0 A 1.3 -129B
448 10 42.7 39.8 40.1 A 1.1 -10.5B

[a] Values followed by the same letters within each column and field test are not significantly different from each other (p>0.05).

[b] Negative values indicate under-application.

3.5 Distribution Uniformity Across the Swath
3.5.1 Single-Pass Spread Patterns

The single-pass spread patterns for cereal rye applications at different rates and flight speeds
are presented in Figure 3.5(a) and 3.5(b), respectively. A common trend across the spread patterns
was a peak indicating heavy material deposition to the left, between -1.0 and -2.0 m within the
swath. The observed skewness in the spread patterns is a typical characteristic of single-disc
broadcast systems (Cunningham, 1963; Davis and Rice, 1973; Han et al., 2015). A single-disc
system with clockwise rotation usually deposits most of the material to the left of the swath, due
to the rotational forces enacted on the material as the spinner disc rotates. Another noticeable trend
in the spread patterns was the presence of a second, much smaller, peak to the right of the UAS
centerline, approximately at 1.8 m within the swath. Across single-pass patterns at different
application rates, the shape of the spread patterns remained relatively similar, with magnitude

increasing with the application rate [Figure 3.5(a)]. In contrast, the single-pass patterns across
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different flight speeds mostly overlapped, indicating consistent cereal rye deposition within the

swath, regardless of the increase in flight speed.
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Figure 3.5. Single-pass spread patterns for cereal rye applied with the UAS at different (a)
application rates, and (b) flight speeds. 0 m on the x-axis represents the center of the UAS flight
path.

The summary statistics for single-pass patterns, including total mass collected within the
swath, maximum single-pass swath and skewness, are presented in Table 3.5. The total mass (i.e.,
the total amount of cereal rye deposited within the swath) increased significantly with increasing
target rate, as expected due to higher flow rate (kg min™') as the rate (kg ha') increased. In contrast,

the total mass was similar across the different flight speeds, indicating that the same amount of
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cereal rye was deposited within the swath regardless of an increase in the flight speed from 6 m s
' (60% of the maximum speed) to 10 m s! (maximum speed). The maximum single-pass spread
swath ranged from 11.9 to 13.6 m across different rates and flight speeds. Interestingly, the spread
swath at the 44.8 kg ha! was significantly wider (approximately 1.5 m) than at the lowest and
highest rates of 22.4 and 67.3 kg ha''. Conversely, the maximum single-pass swath was similar
across the flight speeds, ranging from 11.9 to 12.8 m. In terms of skewness, the data confirmed the
leftward skew observed in the single-pass patterns (Figure 3.5), with 51% to 64% of cereal rye (by
mass) deposited on the left side of the swath and 33% to 40% on the right. Statistical analysis also
indicated greater skewness in the single-pass pattern at the 67.3 kg ha™! rate than at the 56.0 kg ha’
! rate. Similarly, the single-pass pattern at 8 m s™! flight speed showed greater leftward skewness
than those at 6 and 7 m s™'. Overall, the results obtained here were consistent with those of other
researchers, with similar skewness observed in single-pass patterns when applying granular
fertilizer (Song et al., 2020; Song et al., 2023) and cover crop seed (Thomas, 2025) with a UAS
equipped with a single-disc broadcast spreading system.

Table 3.5. Summary statistics for the single-pass spread patterns for cereal rye applied with a
UAS at different application rates and flight speeds.

Field Target Flight Tota[la] Maximl[lar]n Skewnessleh [
Test Rate Speed Mass Swath (%, L/R)
(kg ha!) (ms™h) (kg x 10-3) (m) ’
22.4 10 3.7a 12.2b 56/37 ab
33.6 10 58b 12.9 ab 59/34 ab
1 44.8 10 79c¢ 13.6a 57/35 ab
56.0 10 8.7d 12.7 ab 51/40 b
67.3 10 113e 12.0b 60/33 a
44.8 6 8.1A 12.8 A 54/39 A
44.8 7 82 A 122 A 56/37 A
2 44.8 8 8.0A 11.7 A 64/29 B
44.8 9 82 A 12.1 A 60/33 AB
44.8 10 8.0A 11.9 A 59/35 AB

[a] Values followed by the same letters within each column are not significantly different from each other (p>0.05).

[b] Negative values indicate under-application
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3.5.2 Simulated Overlap Spread Patterns

The simulated overlap patterns in Figures 3.6(a) and 3.6(c) show that the progressive
application method resulted in a greater material deposition on the left side of the UAS centerline
than on the right, leading to greater variability in material distribution within the swath. This also
implies that the more skewed the single-pass pattern is, the greater the amount of variability in
material deposition when using this method. Conversely, the overlap patterns in Figures 3.6(a) and
3.6(c) (based on the one-direction application method) show a more even distribution of material
across the swath than those of the progressive method. This can also be explained by the fact that,
in the one-direction method, the peaks with greater material deposition overlap with the valleys
representing lower material distribution, thereby providing a more even material distribution
within the swath. It should be noted that the UAS (DJI Agras T25) used in this study currently
offers only a progressive application method as the default option during flight planning. However,
other UAS models with similar (single-disc) dry spreading systems, such as the DJI Agras T30,
offer an option to lock the UAS orientation, enabling the system to perform an application similar
to the one-direction method. Several UAS models from other manufacturers also currently offer
this option, and it is likely that, with further developments in UAS technology, most commercial
platforms in the future will be available with the option to customize the flight plan, configure the

UAS flight pattern, and adjust other application parameters.
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Figure 3.6. Simulated overlap spread patterns generated using progressive and one-direction
application methods for cereal rye applied with the UAS at different rates (a & c) and flight
speeds (b & d).

Table 3.6 presents the summary statistics for simulated overlap patterns, including the mean
applied rate and CV (representing the variability in material distribution across the swath). It can
be observed that the mean applied rate is similar across application methods despite observed
visual differences in simulated overlap patterns. This was because the same amount of material is
applied/distributed across the effective swath, regardless of the application pattern (left-on-left
[progressive] or left-on-right [one-direction]). Additionally, the mean rate was considerably lower
than the target rate, ranging from 33.9% to 44.3% across different application rates and flight

speeds. This large difference between the target and measured can be attributed to two reasons.

The first being the under-application by the UAS’s metering mechanism itself, which was
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determined to be between 10.6% and 17.7% (Table 3.4). The other reason concerns the efficiency
of collectors. The collection pans used during field testing were assumed to have 100% collection
efficiency, although it is known that solid, dry materials can bounce in and out of collection pans
(Parish, 1991). This resulted in less material being collected in the pans than dispensed by the
UAS, thereby leading to a lower measured rate. A comparison of the data in Table 3.4 and Table
3.6 suggests that the difference between the material dispensed by the UAS and collected in the
pans ranged from approximately 17% to 33%, which can be attributed to the inefficiency in the
measurement approach and/or the collection pans. Accurately determining collector efficiency is
important, yet a challenging task as the collector’s performance is dependent on several factors,
including the material being applied and its physical properties, collector design, height of the
collectors, wind conditions, and field/ground surface conditions (Whitney et al., 1987; Parish,
1991; Thomas, 2025). However, there is a need to investigate practical methods for determining
collector efficiency in aerial application of dry materials.

Table 3.6. Mean Rate and CV calculated from the simulated overlap pattern data for the
application of cereal rye with a UAS at different target rates and flight speeds.

Field TRa;%:t ggeg;l(; Progressive!?! One-Directionl® Difference (%)
Test g i’ Mean Rate CV Mean Rate  CV (Mean — Target)
(kgha™) — (ms™)  (kgha) (%)  (kgha!) (%)
224 a 10 13.7¢ 30 13.7e 22 -38.4
33.6a 10 20.8d 30 20.8d 23 -38.1
1 44.8 a 10 273 ¢ 27 273 ¢ 24 -39.1
56.1a 10 31.2b 21 31.2b 28 -44.3
67.3a 10 41.0a 33 41.0a 20 -39.1
448 A 6 29.1 A 22 29.1 A 19 -35.0
448 A 7 295 A 22 295 A 19 -34.2
2 448 A 8 28.8 A 39 28.8 A 19 -35.7
448 A 9 289 A 33 289 A 28 -35.5
448 A 10 29.6 A 32 29.6 A 24 -33.9

[a] Values followed by the same letters within each column are not significantly different from each other (p>0.05).
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For distribution uniformity, the CV values ranged from 21% to 39% across different rates and
speeds for the progressive method, and from 19% to 28% for the one-direction method. Within
each application method, statistical analysis indicated that neither application rate nor flight speed
had a significant effect on the distribution uniformity of cereal rye within the swath. Song et al.
(2023) reported similar findings, in which flight speed (and application height) did not affect the
in-swath distribution uniformity of urea applied with a UAS equipped with a single-disk spreading
system. It is important to note that most UAS applications occur at maximum flight speed to
increase field efficiency. The results obtained here suggested that applications at lower flight
speeds did not improve the uniformity of cereal rye distribution within the swath.

A comparison among application methods indicated that the one-direction method exhibited
improved distribution uniformity than the progressive method across both application rates and
flight speeds (Table 3.7). On average, the mean CV values for the one-direction method were
approximately 5% to 7% lower than the progressive method. Grift (2000) reported that the
skewness of material spread — an inherent design characteristic of a single-disc spreader — can
negatively impact CV values for overlap spread patterns, especially when using a progressive
application method. Similar results were obtained in the present study, where the leftward skew in
the single-pass spread patterns led to greater variability in the progressive application method than
in the one-direction method. This can be an important consideration for operators seeking to
minimize in-swath variability, especially when using UAS capable of configuring the application

pattern.
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Table 3.7. CV values for simulated overlap patterns for progressive and one-direction application

methods.
Field Test Application Cv
Test Parameter Method (%)
Progressive 28 a
1 Rat
ate One-Direction 23b
) Speed Progressive 29 A

One-Direction 22 B

3.6 Distribution Uniformity at Different Effective Swaths

For application of granular fertilizer with broadcast spreaders, a CV value of 20% or less is
typically considered acceptable (Fulton et al., 2005). However, previous studies have suggested
CV values between 20% and 30% are more reasonable for fertilizer applications with broadcast
spreaders under real-world field conditions (Crozier & Roberson, 2014; Song et al., 2020).
Similarly, the acceptable CV value for aerial applications is likely to be close to 30%, especially
for UAS applications with single-disc broadcast systems. Though most commercial operators use
wider swaths (7 to 9 m) for seeding cover crops, the manufacturer recommends adjusting the
parameters to achieve a spread swath of 5.0 to 7.0 m. To examine whether the distribution
uniformity of cereal rye can be improved by reducing the effective swath, CV values at different
effective swaths were computed for both progressive and one-direction application methods, and
are presented in Table 3.8.

For the progressive application method, the CV values at the reduced effective swaths of 4.9
and 6.1 m were mostly similar (within 5% to 6%) to those obtained at the 7.3 m effective swath
across most parameters. Except for the CV value at the 56.1 kg ha™! rate, the 3.7 m effective swath
showed improvements in CV across most application rates and flight speeds. However, a narrower
swath may not be practical, as it would significantly reduce field efficiency and require

considerably more tank refills. The one-direction method generally showed improved CV values
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(<30% across all rates and flight speeds) compared to the progressive application, with distribution
uniformity further improved (CV <20%) at the 3.7 effective swath. Thomas (2025) observed
similar results with cereal rye applications using the DJI T20P UAS, with CV values below 20%
at narrower effective swaths. The author also noted that narrower effective swaths (below 6-7 m)
may not be practical for commercial applications. Overall, these findings suggest that CV values
of 30% or less may be more common and considered acceptable for cover crop applications with
UAS. Further improvement in distribution uniformity may be obtained by adjusting other

operational parameters, such as spinner disk speed and/or application height.

Table 3.8. The coefficient of variation (CV) values at different effective swaths for progressive
and one-direction application methods across different application rates and flight speeds.

Effective Coefficient of Variation (%)
Swath Target Rate (kg ha™!) Flight Speed (m s™)
(m) 224 336 448 56.1 673 6 7 8 9 10
-—-- Progressive Application --- -
3.7 17 25 26 28 21 20 19 20 28 25
4.9 29 34 30 25 34 20 28 33 33 35
6.1 32 35 28 18 36 24 28 39 31 34
7.3 30 30 27 21 33 22 22 39 33 32
- One-Direction Application
3.7 11 8 9 9 11 12 8 10 14 6
4.9 15 20 17 17 16 18 21 18 22 18
6.1 22 24 21 23 18 22 25 20 23 24
7.3 23 23 24 28 20 19 19 19 28 24

A few limitations to this study should be noted and considered for future experiments. Most
seeding experiments were conducted on calm days with low wind conditions, whereas most
commercial seeding applications occur in variable wind conditions. Wind speed and direction can
considerably affect the distribution pattern of cereal rye (and other cover crop seeds). Therefore,

the in-swath variability could be much higher in real-world application conditions than observed
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in the current study. Additionally, all data in this study were collected during single-pass
applications with the UAS, whereas the commercial applications involve multiple passes within
the field, which could possibly result in different applied rates and distribution across the swath
than those achieved by analyzing the simulated overlap pass spread patterns. Hence, it would be
valuable to assess and validate the accuracy of the applied rate and the uniformity of distribution
in large-scale fields during UAS seeding applications. Future studies on UAS seeding performance
should also investigate the effect of other operational parameters, such as application height and

spinner-disc speed, as they can influence both effective swath and distribution uniformity.

3.7 Conclusions

Static and field experiments were conducted to assess the accuracy of application rate and
distribution uniformity of cereal rye applied with a commercial UAS (DJI Agras T25) at different
rates and flight speeds. The actual material flow rate differed from the manufacturer-recommended
calibration, resulting in the measured (cereal rye) application rate being 9.5% to 17.7% lower than
the target rate across different rates and flight speeds. Results also indicated issues with consistent
material flow (due to bridging) at lower hopper gate openings (%), underscoring the need for
proper metering gate selection based on the target application rates and the type of material being
spread. The single-pass distribution patterns for cereal rye showed leftward skew, with maximum
swath widths ranging from 11.9 to 13.6 m across different application rates and flight speeds. The
simulated overlap pattern analysis exhibited CV values ranging from 19% to 39% and no
significant effect of application rate and flight speed on the distribution uniformity of cereal rye
within the swath. However, the one-direction application method demonstrated more uniform
deposition across the swath than the progressive application pattern. A comparative analysis of

CV values at different effective swaths suggested no considerable improvement in distribution
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uniformity for applications at narrower (and less practical) operating swaths compared to the wider

swath (7.0 m) commonly used by UAS operators.
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Chapter Four
Effect of Operational and Structural Parameters on Spreading Distribution

of Cover Crop Seed (Cereal Rye) Applied with a UAS

4.1 Abstract

With the increased use of unmanned aerial systems (UAS) to spread cover crop seed in recent
years, there is a need to determine the effects of operational parameters and the dry spreader
components on application performance. Therefore, studies were conducted to investigate the
effects of application height (3.0, 3.8, and 4.6 m) and spinner-disc speed (700, 1000, and 1300
rpm) on the distribution uniformity of cover crop seed (cereal rye) applied with a commercial UAS
(DJI Agras T25). Additionally, the effects of hopper metering gate design (medium and large) and
spinner-disc design (straight and curved vanes) on material distribution were evaluated at 22.4,
33.6, & 44.8 kg ha! for the metering gates and 33.6, 44.8, & 56.0 kg ha! for the spinner discs.
Results showed that both application height and spinner-disc speed affected cereal rye distribution
within the swath, with single-pass spread patterns showing lower material deposition at an
application height of 4.6 m and a spinner-disc speed of 700 rpm compared to other heights and
speeds. Similarly, the maximum single-pass swath increased with application height from 11.0 to
13.4 m, and for spinner-disc speed from 10.2 to 14.5 m. The overlap spread patterns exhibited
similar distribution uniformity across application heights (CV = 30 — 33 %), whereas the spinner-
disc speeds of 1000 and 1300 rpm (CV values of 31 and 26, respectively) demonstrated improved
spreading uniformity compared to the 700 rpm (CV = 38%). The medium metering gate showed a
wider single-pass swath than the large gate, but the mean applied rate and distribution uniformity
were similar across the two gate designs. Similarly, the spinner-disc with curved vanes exhibited

greater material deposition, a wider single-pass swath, and greater leftward skewness than the

59



straight-vane disc; however, the overlap spread patterns showed comparable spreading distribution
(CV =29 — 34 %) across both spinner-disc designs.
4.2 Introduction

The use of Unmanned Aerial Systems (UAS) in global agricultural production systems has
increased rapidly within the last decade. While UAS technology originated in Asia and has been
used throughout Asian agriculture for nearly forty years (He et al., 2017; Gohari et al., 2023), it
has seen an increased adoption in agriculture in the United States in recent years, with over 4.1
million hectares of agricultural land treated in 2024 (ASDC, 2024). This can be attributed to many
factors, including the availability of commercial platforms, increased payload capacity, and high-
efficiency propulsion systems. Initially, UAS were primarily used to apply agrochemicals, such as
fungicides and herbicides, offering benefits similar to traditional aerial applications while
providing greater maneuverability than ground-based equipment (Zhang et al., 2023). However,
their use for applying small, dry solid materials, especially cover crop seed, has increased rapidly,
as most commercial UAS platforms are equipped with interchangeable dry spreading systems. The
spreading system on a UAS typically consists of a tank with a gravity-fed or auger-type metering
mechanism, along with one or more horizontally or vertically oriented disc(s) to broadcast the
material. The most common type of broadcast system on commercial UAS utilizes a single rotating
disc with vanes to spread material across the swath, similar to some variants of ground-based
single-disc fertilizer spreaders.

Spinner-disc type broadcast spreaders have been used in agriculture for many years due to their
simple operation, low maintenance costs, and reliable design (Han et al., 2019). Several
researchers have investigated the spreading characteristics of rotary broadcast spreaders, especially

single-disc, with many studies focusing on the effect of different operational parameters on
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material distribution within the swath (Cunningham, 1963; Glover & Baird, 1973; Davis & Rice,
1974). These studies reported that single-disc spreaders typically broadcast more material in the
direction of disc rotation, resulting in a skewed distribution pattern (Miclet et al., 2011). In
comparison, dual-disc broadcast spreaders were found to provide better distribution uniformity,
and as such, their use is continued on modern fertilizer application equipment. For both single-
and dual-disc spreaders, the effects of vane shape, feeder gate design, and spinner disc RPM have
also been evaluated and found to affect distribution within the spreading swath. (Yildirim, 2011;
Fulton et al., 2020). Several researchers have also used computer modeling to simulate the material
flow and distribution by single- and dual-disc fertilizer spreaders in an effort to determine optimal
operational parameters and disc designs. (Grift, 2000; Hall et al., 2010; Pryzywara, 2020). In
addition to application parameters, the distribution uniformity of dry solid materials applied with
rotary spreaders is also influenced by material properties such as particle size, bulk density, and
shape. (Hofstee and Huisman, 1990; Virk et al., 2013). A larger, heavier particle usually results in
a wider possible swath, while spherical particles have lower aerodynamic resistance and thus can
travel farther than irregularly shaped particles (Hofstee, 1992). While significant research has
been conducted on evaluating the spreading performance of ground-based fertilizer spreaders, the
application performance and the effects of different operational parameters on material distribution
have not been investigated for UAS spreaders. As such, research on dry spreading systems for
UAS is limited, with only a limited number of studies (Sizemore, 2026, Thomas, 2025, and Xia,
2025) conducted to date. These studies have investigated operational parameters on dry materials
including cover crop seed and fertilizer, though each study has examined different generations of

commercially available UAS platforms. With technological advancements on each generation of
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UAS, it is critical that these advancements are understood so appropriate parameters can be used
for effective applications.

The use of UAS for seeding cover crops offers several advantages over traditional ground or
aerial seeding methods. Some drawbacks inherent to ground-based equipment, such as soil
compaction, crop damage, and traction issues, can be partially mitigated by using UAS. Modern
UAS platforms offer similar benefits to those of manned aircraft, but without many of the dangers
or risks associated with increased collision risk or off-target applications (NTSB, 2014; Wilson et
al., 2014). The rapid growth of UAS for seeding cover crops necessitates understanding their
spreading performance, specifically the effects of different operational and structural (design)
parameters on material uniformity within the swath. Rapid adoption within the industry, but few
research studies, has led to a gap in understanding the application performance of these UAS.
Therefore, a study was undertaken to evaluate the application performance (material distribution
within the swath) of a UAS when applying cover crop seed. Cereal rye (Secale cereale) was
selected as the cover crop seed due to its extensive use as a stand-alone crop as well as in different
mixtures with legumes, grains, or grass seeds. In 2023, over 890 thousand hectares of cereal rye
were planted in the United States (USDA, 2024), not including any cover crop mixtures that utilize
cereal rye as a part of the product. In this study, the effects of several UAS components and
operational parameters on material distribution were investigated. Specifically, the effect of (1)
application height and spinner-disc speed, (2) different metering opening sizes (medium and
large), and (3) the vane shape (curved and straight) on the distribution uniformity of cereal rye

applied with a UAS was evaluated.
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4.3 Materials and Methods

A commercially available UAS, the DJI Agras T25 (SZ DJI Technology Co., Shenzhen, China),
was used for all experiments in this study [Figure 4.3(a)]. The DJI T25 features a quadcopter
arrangement and a 35 L dry material tank capacity. A hopper (metering) gate [Figure 4.3(b & ¢)]
with three equally sized slots regulates the amount of material flow onto a single broadcast disc.
The manufacturer offers three hopper gate options (small, medium, and large) to meter material
based on particle size and application rate. A single disc with eight curved vanes is installed
directly below the hopper gate and broadcasts the product across the application swath. The DJI
Agras App flight program, pre-installed on a DJI RC Plus remote controller, was used to operate
the UAS and program its flight paths. During all field tests in this study, the T25 was connected to
the Alabama CORS network to utilize RTK positioning, which provided horizontal and vertical
position accuracy of £10 cm. The detailed specifications for the DJI Agras T25 UAS are provided
in Table 4.1. Cereal rye (Secale cereale) was used as the cover crop seed to be dispensed with the
T25 and was acquired in the Fall of 2024. The bulk and particle density for the cereal rye used in

this study were determined to be 68.2 kg m™ and 1.2 g/cm™, respectively.
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Figure 4.1. (a) DJI Agras T25 UAS used for the spreader performance studies, (b) metering gate
and metering mechanism beneath the hopper, and (c) hopper (metering) gate as viewed through
the empty hopper.

Table 4.2. Specifications for the DJI Agras T25 UAS.

Platform Weight (empty) (kg) 32
Payload (kg) 25
Dimensions (unfolded) (mm) 2585 x 2675 x 780
Tank Volume (L) 35
Hovering Time (full) (min) 6
Recommended Spreading Width (m) 5-8
Maximum Spreading Speed (m s™) 10.0
Battery Capacity (mAh) 15,500
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4.4 Experimental Design and Test Parameters

All field tests were conducted at the E.V. Smith Research Center in Shorter, AL (32°26'39.5" N
85°53'45.5" W) on a flat, open, and uncropped site in the Spring of 2025. The application area
selected in the field for these tests was approximately 130 m long and 25.3 m wide. The DJI flight-
planning software, DJI Agras App, was used to program a test flight consisting of a single pass of
the UAS directly through the center of the application area. This flight plan was used throughout
testing to ensure a consistent flight path across all study treatments. The field tests were conducted
with the UAS in an autonomous mode, and different application parameters were entered in the
remote controller prior to each flight. This study consisted of three field tests, each focused on
assessing the effects of various operational or structural (design of metering and spreading
components) parameters on the distribution uniformity of cereal rye within the swath. The first
experiment was a factorial arrangement of application height and spinner-disc speed, with three
UAS heights (3.0, 3.8, and 4.6 m) and three spinner-disc speeds (700, 1000, and 1300 RPM). The
second experiment compared two hopper metering gate designs (medium and large) across
application rates of 22.4, 33.6, and 44.8 kg ha™'. These metering gates differed in the size and shape
of the openings through which the material is dispensed from the hopper (Figure 4.2). The
manufacturer recommends using the medium hopper gate [Figure 4.2(a)] for smaller materials or
lower flow rates, while the larger gate [Figure 4.2(b)] is recommended for large granular materials
and/or higher flow rates. While both hopper gates are suitable for spreading cereal rye, differences
in hopper openings result in material being delivered to different locations on the spinner disk,
thereby influencing material distribution. The third and final experiment investigated the effect of
spinner-disc design [straight and curved vanes; Figures 4.2(c) & 4.2(d), respectively] on material

distribution across application rates of 33.6, 44.8, and 56.0 kg ha'!. The latest UAS models from

65



this manufacturer, such as DJI Agras T25 and T50, are equipped with a spinner-disc with curved
vanes [Figure 4.2(c)], whereas a spinner-disc with straight vanes [Figure 4.2(d)] was common on
the previous UAS models, such as the DJI Agras T30 and T40. Both spinner-disc designs are
currently being used by UAS applicators for cover crop applications. Both spinner discs have a
similar (4-hole) mounting pattern and thus can be easily swapped on the dry spreader system. The
application parameters for each field test are provided in Table 4.2. During all experiments, each
single pass of the UAS represented a combination of the application parameters being tested, with

each test replicated four times. Across all experiments, a fixed UAS speed of 10 m s™! was used.

Figure 4.2. a) Medium hopper gate, b) large hopper gate, c) curved-vane spinner-disc and d)
straight-vane spinner disc, used during the field testing.

Table 4.2. Information on different application parameters and their levels used during the field

tests.
Field Parameters  Metering Spinner Rate Height Ssr)ligggr
. -1
Test Tested Gate Disc (kg ha™) (m) (RPM)
1 Height and Large  Curved 44.8 3.8 700
Spinner 44.8 4.6 700
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Speed 44.8 3.0 1000

Large  Curved 44.8 3.8 1000

44 8 4.6 1000

44 8 3.0 1300

Large  Curved 44.8 3.8 1300

44 8 4.6 1300

22.4 3.8 1000

Medium Curved 33.6 3.8 1000

Hopper 44.8 38 1000

2 Mthzgng 22.4 3.8 1000
Large  Curved 33.6 3.8 1000

44.8 3.8 1000

33.6 3.8 1000

Spreading Large  Curved 44.8 3.8 1000

Disc with 56.0 3.8 1000

3 Straight and 33.6 3.8 1000
Curved Vanes [ arge  Straight  44.8 3.8 1000

56.0 3.8 1000

4.5 Pan Testing and Data Collection

To evaluate the spread uniformity of cereal rye across various field experiments, pan tests were
conducted in accordance with the procedures outlined in ASBAE Standard S386.2 (ASABE,
2018). Collection pans measuring 50.0 cm % 50.0 cm X 8.9 cm [Figure 4.4(a)] were used to collect
the cereal rye broadcast by the UAS. These pans met the collector size requirements specified in
ASBAE S386.2 and the ISO 5690-2:1984 standards (ISO, 2021). A total of 27 pans, spaced at 0.91
m intervals from center to center, were arranged in a single line within the application area, as
shown in Figure 4.4(b). Within each pan, a set of baffles was placed to reduce the material
bouncing out of the pans and improve collector efficiency [Figure 4.4(a)]. The collection line
(consisting of evenly spaced pans) was arranged perpendicular to the UAS flight path and centered
directly within it. The total distance covered by the pans was 24.6 m, more than three times the

maximum spread swath (7-8 m) recommended by the manufacturer.
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Figure 4.3. a) Collection pan used for UAS spreading data collection, and (b) experimental
layout with collection pans placed within the application area.

During each test, the UAS performed a single pass over the collection pans with the desired
application parameters (specific to the field test being conducted) preset in the controller and
broadcast the material within the application area. After each flight, the material from each pan
was carefully collected in a small, pre-labeled bag and stored for later weighing. During all field
tests, a weather station (Vantage Pro2, Davis Instruments, Hayward, CA) was installed to record
meteorological conditions, including wind speed and direction, temperature, and relative humidity,
in 1.0-minute intervals. The station was installed at a height of 1.8 m above ground and was located
approximately 10.0 m away from the outermost collection pan on one side of the swath. The
meteorological data averaged for the duration of each field test is presented in Table 4.3. Weather
conditions remained consistent throughout the field tests, in accordance with ASABE S386.2, with
wind speed remaining low (<1.9 m s-1) during all three tests. The wind direction was north-

northeast and remained within +15° of the collection pans' orientation throughout the testing.
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Table 4.3. Meteorological conditions recorded during different field tests conducted for assessing
UAS application performance. Values are reported as mean + standard deviation.

Field  Wind Speed®  Temperature!? Relative Humidity!?!

Test (ms™) O (%)
1 1.1+04 30.2+0.1 50.6 + 1.0
2 0.5+04 242 +0.3 74.4+£0.8
3 1.2+04 23.2+0.3 775+1.5

[a] Values represent mean + standard deviation.
4.6 Data Analysis

The cereal rye collected in the pans during the field tests was weighed using a scale with a
readability of 0.01g (Ohaus Scout SPX222, Ohaus Corporation, Parsippany, New Jersey) and
recorded in an MS Excel sheet. Then, the weight in each pan was converted to an applied rate in
kilograms per hectare using the pan opening area and a collector efficiency of 100%, per ASABE
Standard S386.2 (ASABE, 2024). Single-pass distribution patterns were generated by plotting the
calculated mean applied rate (kg ha™!) versus the transverse location of each pan within the swath.
To develop simulated overlap patterns, which characterize the uniformity of distribution within
the effective swath, an effective swath of 7.3 meters was generated for each test treatment using a
progressive application method, as defined in the ASABE S386.2. For all simulated patterns across
different treatments, the mean applied rate and coefficient of variation (CV), which represents the
distribution uniformity within the swath, were computed using equations in ASABE S386.2. For
a separate comparison to the progressive application method, simulated overlap patterns were
generated for the one-direction method using the single pass data from each test. Each data set
from the field tests were subjected to ANOVA to determine the effects of the main treatments and
their interaction on the spreading distribution. All statistical analyses were conducted at o = 0.05,

while means for significant effects were separated using the Student's t-test (p<0.05).
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4.7 Results and Discussion
4.7.1 Effect of Application Height and Spinner-Disc Speed

The graphs in Figure 4.4 depict the single-pass and overlap spread patterns for cereal rye applied
with the UAS at different application heights (a and c, respectively) and spinner-disc speeds (b
and d, respectively). The single-pass patterns showed a leftward skewness, with a peak indicating
greater cereal rye deposition between 0 and -2 m within the swath. This leftward skew is typical
of single-disc broadcast systems and has also been reported by other researchers (Han et al., 2015;
Sizemore et al., 2026). Statistical analysis indicated no significant interaction between application
height and spinner-disc; hence, the summary statistics for their effects on material distribution are
presented separately in Table 4.4. A visual comparison of the single-pass spread patterns across
different application heights suggests greater material deposition, especially towards the middle of
the swath (-2 to 2 m), as application height decreased. Statistically, the total amount of material
deposited within the swath was also lower at the application height of 4.6 m than at the heights of
3.0 and 3.8 m (Table 4.4). A similar effect of spinner-disc speed was observed, with applications
at 1000 and 1300 rpm exhibiting greater cereal rye deposition within the swath than at 700 rpm. A
plausible explanation of why the amount of material decreased in these two instances is due to the
dry material velocity as it falls from the spinner disc spreader. The cereal rye was allowed a longer
duration to fall toward the collectors, and as such, gained greater velocity and impact force on the
collectors, especially for the test involving application height. For the field test involving different
spinner disc speeds, the reduced horizontal force exerted on the cereal rye (as evidenced by the
reduced swath width) likely led to more vertical seed trajectory into the collectors rather than more
horizontal entrance angles. In both cases, the seed impact with the collector likely led to a greater

rebound force of the cereal seed up and out of the collectors.
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For maximum single-pass swath, an increase in both application height and spinner-disc speed
resulted in an increased swath (Table 4.4), with more material reaching farther towards the left
side of the swath. This can also be observed in single-pass patterns in Figure 4.4(a) and 4.4(b) for
the effect of application height and spinner-disc speed, respectively. These results were consistent
with those of Song et al. (2023), showing increased effective swath widths at higher application
heights when flight speed was held constant. For spread pattern skewness, there was no effect of
application height or spinner-disc speed, with similar amounts of cereal rye deposition towards the
left (49 — 53%) and right (38 — 40%) sides of the swath across different heights and speeds.

Consequently, an analysis of the overlap spread patterns indicated similar mean applied rates
(47.9 to 54.6 kg ha!) across different application heights and spinner-disc speeds tested in this
study (Table 4.4). The cereal rye distribution across the swath was also similar across different
application heights (CV =30-33%)), indicating no significant effect of height on spread uniformity.
In contrast, the spinner-disc speed affected distribution uniformity, with greater variability in
cereal rye distribution at 700 rpm (CV = 38%) than at 1000 or 1300 rpm (CV = 26-31%). The
overlap spread patterns in Figure 4.4(d) verify these findings, where the cereal rye deposition
within the swath is more uniform (and comparable) at spinner-disc speeds of 1000 and 1300 rpm
than at 700 rpm. Thomas (2025) performed a similar test with a DJI Agras T20P spreader and
evaluated different spinner-disc speeds of 550, 800, 1050, and 1300 rpm. The author reported the
highest skewness in the spread pattern and a narrower swath at the lowest speed of 550 rpm;
however, the effects of other spinner-disc speeds were not significantly different, producing

similar swaths and material distribution within the swath.
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Figure 4.4. Single-pass (a & b) and simulated overlap (c & d) spread patterns representing cereal
rye application with a UAS at different application heights and spinner-disc speeds, respectively,
at a target application rate of 44 kg ha'. 0 m on the graphs coincides with the center of the UAS
flight path (swath).

Table 4.4. Summary Statistics for the single-pass and simulated overlap spread patterns for
cereal rye applied with the UAS at different application heights and spinner-disc speeds.

Single-Pass Spread Patternl®

Overlap Spread

Pattern®
Test Level Total M
Parameter Ma:s a&kg Maximum Skewness Reel‘?en CcvV
0 0
. 3.0 106a 11.0¢c 50/38 523 33
pplication 5 ¢ 10.2 12.5b 49/40 51.6 30
Height (m)
4.6 9.7b 13.4a 53/40 49.4 31
Soinmer D 700 9.7 B 102 C 49/39 479 38 A
PIMACL LASC 1500 10.0 A 122B 53/39 50.8 31 B
Speed (RPM)
1300 108 A 145 A 50/40 54.6 26 B

[a] Values followed by the same letters within each column are not significantly different from each other (p>0.05).
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4.7.2 Effect of Hopper (metering) Gate Design (Opening Size)

The effects of hopper gate design (opening size) were similar across the application rates tested
in this study and was determined to have no interaction; hence, the spread patterns (Figure 4.5)
and summary statistics (Table 4.5) are presented separately for these parameters. While small
differences in single-pass patterns between the medium and large metering gates can be observed
in Figure 4.5(a), the total material (by mass) collected across the swath was similar across both
gates (Table 4.5). As expected, the total material within the swath increased with application rate
because more material was metered through both gates, as observed in Figure 4.5(b). The effect of
metering gate design was observed in the maximum single-pass swath, with the medium gate
exhibiting a wider swath (by 1 m) than the large gate. This can be attributed to the difference in
the drop location of cereal rye on the spinner-disc between the two gates. The design of the
openings on the medium hopper gate is such that the material drops towards the outer edge of the
spinner-disc [Figure 4.2(a)], thereby travelling farther within the swath. For the large gate, the
openings are designed such [Figure 4.2(b)] that the material drops mostly equally from the center
towards the outward edge of the spinner-disc. While the maximum single-pass swath increased
slightly with increasing application rate, it was not statistically different across rates. Similarly,
there was no effect of metering gate or application rate on the spread pattern skewness, with
approximately 54% to 59% of the cereal rye deposited towards the left side of the swath and 31%
to 35% of cereal rye deposited to the right side across the two hopper gates and different
application rates.

While the overlap patterns show slight differences between the two metering gates [Figure
4.5(c)], the mean applied rate and distribution uniformity were comparable, indicating no

significant effect of gate design (opening size) on the applied rate or the spreading distribution of
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cereal rye within the swath. Again, as expected, the mean applied rate increased with the

application rate (Table 4.5), as evidenced by the change in the magnitude of the overlap patterns

in Figure 4.5(d). However, the distribution of cereal rye was statistically similar across the different

rates (CV = 33 — 42%), suggesting similar spread uniformity with increasing application rate.

Parish and Chaney (1986) determined that adjusting the drop point location can improve material

skewness to some extent, though it will not fully overcome all distribution challenges (i.e., inherent

skewness with single-disc designs). Grift and Kweon (2006) conducted similar testing, combining

both lab and simulated trials. The results were comparable, with a rotation in the drop point around

the spinner disc resulting in improved CV values for simulated overlap passes.
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Figure 4.5. Single-pass (a & b) and simulated overlap (¢ & d) spread patterns representing cereal
rye application with a UAS with different metering gates and application rates tested across each
gate, respectively. 0 m on the graphs coincides with the center of the UAS flight path (swath).

Table 4.5. Summary Statistics for the single-pass and simulated overlap spread patterns for
cereal rye application with the UAS using different metering gates and application rates tested
across both gates.

Single-Pass Spread Pattern!! Overlap Spread

Test Pattern®!

Parameter Level Mzgﬂ(g Maximum Skewness I\QZ?: CV

0 0
% 10%) Swath (m) % (L/R) (ke ha') (%)
Metering Gage  Medium 5.8 129a 56/33 28.8 37
g Large 5.6 11.9b 57/33 28.7 37
Aolication 22.4 38C 12.0 56/33 19.0 C 36
pli{ate 33.6 55B 12.3 59/31 279B 42
44.8 79 A 12.8 54/35 394 A 33

[a] Values followed by the same letters within each column and for each main effect are not significantly different from each other (p>0.05).

4.7.3 Effect of Spreading Disc Design (Vane Shape)

Similar to the hopper gate design, the effect of spinner-disc design did not have any interaction
with the tested application rates. The data is presented for each main effect in Figure 4.6 and Table
4.6. The single-pass spread pattern for the spinner-disc with curved vanes had a slightly higher
peak and was shifted towards the left of the swath as compared to the spread pattern for the straight-
vane spinner-disc. The skewness data also confirmed these visual differences, with 57% of the
cereal rye deposition towards the left of the swath for the curved-vane spinner-disc, compared to
51% for the spinner-disc with straight vanes (Table 4.6). The total material deposited within the
swath and the maximum single-pass swath were also greater (by 0.6 x 107 kg and 1.1 m,
respectively) for the curved-vane design than for the straight-vane disc. The application rate
showed a similar effect across both disc types, as noticed in the previous tests, where the total mass
deposited within the swath increased with rate, but the maximum swath (12.0 — 12.9 m) and the
pattern skewness were statistically similar across the application rates. For overlap patterns, the

mean applied rate was significantly greater for the spinner-disc with curved vanes than for the
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straight-vane disc (Table 4.6). Though some visual differences can be observed among the overlap
patterns for the straight-vane and curved-vane disc designs [Figure 4.6(c)], the CV values were
comparable across both spinner-disc types (29 — 34%), indicating no significant effect of spinner-
disc design or vane shape on the spread uniformity of cereal rye applied with the UAS.

For the application rate, the mean applied rate increased with the target rate, while the
distribution uniformity of cereal rye was similar across rates, with CV values ranging from 30%
to 34%. Yilidiran & Kara (2012) determined that a fertilizer spreader disc with only straight vanes
did not provide ideal uniformity within the spread swath, but rather a disc with a combination of
both curved and straight vanes offered the best uniformity. Yilidiran (2008) tested the effect of the
number of vanes on a rotary disc and found that spreading uniformity deteriorated as the number
of vanes increased. Xunwei et al. (2024) conducted simulated distribution uniformity testing
utilizing field data collected from a DJI Agras T60. The authors tested straight and curved vanes
with different deflection angles and reported that, as spread uniformity generally improved with
deflection angle, the straight vanes were a critical design feature that complemented the curved
vanes. They also found that the increased deflection angle began to cause the fertilizer to stick
within the curves and not release through centrifugal force. Future research should investigate the
effects of vane number or a combination of straight and curved vanes on the uniformity of material
distribution when applied with single-disc UAS spreaders.

Overall, these findings in the present study suggested that the spinner-disc with curved vanes
demonstrated improved spreading performance with a wider single-pass swath and increased
material deposition within the swath. This could also explain the transition by manufacturers,
especially DJI, toward curved-vane designs on newer UAS models, compared to the prevalent

straight-vane disc designs on previous models.
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Figure 4.6. Single-pass (a & b) and simulated overlap (c & d) spread patterns representing cereal
rye application with a UAS with different spreading disc designs and application rates tested
across each disc, respectively. 0 m on the graphs coincides with the center of the UAS flight path

(swath).

Table 4.6. Summary Statistics for the single-pass and simulated overlap spread patterns for
cereal rye application with the UAS using spreading discs with different vane designs and
application rates tested across each disc.

Single-Pass Spread Pattern!?! Overlap Spread

Test Patternl®

Parameter Level MZ;)stzzlkg Maximum Skewness I\é:?: CV

0 0
x 10°7) Swath (m) % (L/R) (ke ha'!) (%)
Spinner Disc ~ Straight 72b 11.9b 51737 a 353D 29
Design Curved 7.8a 13.0a 57/34 b 395a 34
Avolicati 33.6 5.6 C 12.0 55/36 282 C 32
pli{;iae“on 44.8 73B 12.5 53/36 36.5B 34
56.0 95 A 12.9 54/36 47.6 A 30

[a] Values followed by the same letters within each column and for each main effect are not significantly different from each other (p>0.05).
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4.7.4 Comparison of Application Methods — Progressive versus One-Direction

The simulated overlap patterns (for an effective swath of 7.3 m) were also generated using the
one-direction (ASABE Standards, 2024) method to determine whether the application pattern has
any effect on the spreading uniformity of cereal rye within the swath. The progressive method
method uses a progressive application pattern, with the UAS direction of travel changing from
pass to pass. This produces a spread pattern with right-on-right and left-on-left wing overlap. In
contrast, the one-direction (also known as racetrack) method is characterized by the same travel
direction from pass to pass and results in a right-on-left and left-on-right wing spread pattern.
Statistical analysis suggested that the effect of the application method was consistent across
different levels of operational parameters tested within each field test; hence, the results
summarizing the differences between the two application methods are presented by field test
(Table 4.7).

Across all three field tests, the one-direction pattern exhibited CV values 6% to 12% lower than
those of the progressive application pattern, suggesting improved cereal rye distribution within the
swath when applied with the UAS using the one-direction method. These results were similar to
those attained by Sizemore et al. (2026), where the one-direction method demonstrated 5% to 7%
lower CV values than for the progressive method for experiments involving the application of
cereal rye with the same UAS (DJI T25) at various target rates and flight speeds. In addition to
optimizing operational parameters, adjusting application patterns, such as using a one-direction
method, could be another effective strategy for UAS operators to improve the application

uniformity of cereal rye and other cover crop seed.
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Table 4.7. Comparison of the distribution uniformity (CV) of cereal rye application with a UAS
between the progressive and one-direction application methods.

Field Test Application cvil
Test Parameters Method (%)
. . . Progressive 32a
1 Application Height x Disc Speed

pphication Heig 186 Spee One-Direction 26 b

. L P 1 37
2 Metering Gate x Application Rate OnngrierSeScl‘;Zn ’5 E

) . . . P i 2
3 Spinner Disc Design x Application Rate FOBTessive 32a

One-Direction 23b

[a] Values followed by the same letters within each column are not significantly different from each other (p>0.05).

4.8 Conclusions

Field experiments were conducted to determine the effect of different operational (application
height and spinner-disc speed) and structural parameters (metering gate and spinner-disc design)
on the spreading distribution of cereal rye applied with a commercial UAS (DJI Agras T25).
Single-pass spread patterns showed a leftward skewness — typical of single-disc broadcast
spreaders — with heavy material deposition towards the left of the swath. Both application height
& spinner-disc speed affected the total material deposited within the swath and the maximum
single-pass swath, while the spread pattern skewness was similar across different heights and disc
speeds. The maximum single-pass swath increased with an increase in application height and
spinner-disc speed, with swath ranging from 11.0 to 13.4 m across the heights and from 10.2 to
14.5 m across the spinner-disc speeds. Despite differences in total material deposited in single-
pass, the mean applied rate for the simulated overlap pattern (effective swath = 7.3 m) was similar
across the application heights and between the spinner-disc speeds. The distribution uniformity of
cereal rye was not affected by application height, but the lower spinner-disc speed of 700 rpm
exhibited greater in-swath variability than the 1000 and 1300 rpm speeds. For the metering gate
design, the medium gate provided a wider swath than the large gate; however, the spread pattern
skewness for single-pass, and the mean applied rate and distribution uniformity for the simulated
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overlap pattern were statistically similar across both gates. A comparison of the straight and curved
spinner-discs showed greater material deposition, wider swath, and higher skewness in the single-
pass patterns for the curved design than the spinner-disc with straight vanes. The curved-vane disc
also exhibited a higher mean applied rate for the simulated overlap pattern, but no improvement
in spreading uniformity over the straight-vane disc. A uniformity analysis by application method
also suggested improved CV values for the one-direction application method compared to the
progressive application pattern, commonly used by most of the latest UAS models. Future studies
should investigate the application performance of newer auger-type metering systems, as well as
the effects of other spinner-disc designs, including vane shape and number, on spreading

distribution.
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Chapter Five

Conclusions

The use of unmanned aerial systems (UAS) for applying dry solid materials, especially cover
crop seed, has grown rapidly in recent years within the United States. Due to the limited research
on dry spreading systems on UAS, studies were conducted to evaluate their application
performance, in terms of metering accuracy and distribution uniformity across the swath, as well
as to investigate the effects of various operational and structural parameters on spreading
performance. Cereal rye was used as a cover crop seed in these studies due to its widespread use.

In the first study, the accuracy of the manufacturer’s internal calibration process and the
applied rate accuracy of a commercially available UAS (DJI Agras T25) was evaluated through
static and field testing across varying application rates (22.4, 33.6, 44.8, 56.0 and 64.3 kg ha'!) and
flight speeds (6, 7, 8, 9, & 10 m s™!). Calibration results showed that the actual material flow rate
differed considerably from the rate suggested by the manufacturer’s calibration procedure,
resulting in under-application ranging from 9.5% to 17.7% during field tests of cereal rye applied
with the UAS at different target rates and flight speeds. The highest under-application occurred at
the target rate of 22.4 kg ha™! and flight speed of 6 m s!, corresponding to metering gate openings
<30%. These metering issues at lower gate openings were due to bridging of cereal rye seed,
underscoring the importance of proper metering gate selection based on target application rate and
the type of material being spread. The second objective of this study was to determine the spread
distribution and uniformity across the swath at the aforementioned application rates and flight
speeds. The single-pass distribution patterns for cereal rye exhibited leftward skewness, with a
maximum swath width ranging from 11.9 to 13.6 m across different tested parameters. The effect

of application rate and flight speed on spread pattern skewness varied among the rates and speeds.
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While the total material deposited within the single-pass swath increased with application rate, it
was similar across different flight speeds, indicating no adverse effect on material deposition at
higher flight speeds. The simulated overlap patterns (for an effective swath of 7.3 m) exhibited
variable distribution uniformity, with CV values ranging from 19% to 39%, regardless of the rate
and speed. The mean applied rate within the simulated overlap pattern increased with the target
rate but remained comparable across the flight speeds. A comparison of application methods
demonstrated improved cereal rye deposition uniformity for the one-direction application method
compared to the progressive application pattern. An analysis of spread uniformity at different
effective swaths did not show improved distribution uniformity for applications at narrower swaths
(<5 m) compared to the nominal wider swaths used by UAS operators (5 — 7 m).

The second study evaluated the effect of various operational parameters, such as application
speed and spinner-disc speed, on material distribution within the swath. The first objective of this
study was to evaluate single-pass and overlap spread patterns at varying application heights of 3.0,
3.8, and 4.6 m, and spinner disc speeds of 700, 1000, and 1300 RPM for cereal rye applied with a
UAS (DJI Agras T25). Results showed that both application height and spinner-disc speed affected
cereal rye distribution within the swath, with single-pass spread patterns showing lower material
deposition at an application height of 4.6 m and a spinner-disc speed of 700 rpm compared to other
heights and speeds. Similarly, the maximum single-pass swath increased from 11.0 to 13.4 m with
an increase in application height, and from 10.2 to 14.5 m with an increase in spinner-disc speed.
The overlap spread patterns indicated similar mean applied rates and spreading distribution (CV =
30-33%) across different application heights and spinner-disc speeds. However, the distribution
uniformity of cereal rye was better at the spinner-disc speeds of 1000 and 1300 rpm (CV = 26—

31%) than at 700 rpm (CV = 38%). Another objective of this study was to evaluate the effect of
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metering gate design (medium and large gates with varied opening sizes) on the spread distribution
of cereal rye across varying application rates (22.4, 33.6 and 44.8 kg ha!). The medium gate
exhibited a wider maximum single-pass swath than the large gate, but there were no differences in
total material deposited within the swath and skewness for single-pass spread patterns. Similarly,
the mean applied rate and distribution uniformity were similar across both metering gate designs.
The final objective of this study investigated two spinner-disc designs (straight vane and curved
vane) and their effect on material distribution was tested across different application rates (33.6,
44.8 and 56.0 kg ha!). The curved-vane disc (13.0 m) exhibited a wider single-pass swath
compared to the curved-vane disc (11.9 m) and also resulted in spread patterns with greater
leftward skewness. The curved-vane design also exhibited a higher mean applied rate, but the
distribution uniformity of overlap spread patterns was comparable (CV values between 29% and
34%) between the two spinner-disc types.

The findings of these two studies provide insight into how certain operational parameters affect
the distribution uniformity of cereal rye within the swath. UAS platforms have numerous
advantages over traditional cover crop seeding methods, but they do require accurate calibration
and appropriate parameter selection for optimal application quality, just as traditional methods do.
Though there are numerous UAS models that use similar design features to those detailed in these
studies, other models, such as newer DJI or XAG offerings, use different metering systems and
spreading methods. These newer metering and spreading systems should be evaluated in future
studies, as they are becoming increasingly popular on the latest UAS models. Furthermore,
investigations into seeding various cover crop mixtures with UAS should be undertaken, as these
materials vary in physical properties and are likely to exhibit differences in spread patterns and

distribution uniformity than those obtained in the current studies. The information gained in these
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studies is valuable for improving the application of dry materials and advancing the development

of dry spreading systems and technology for effective applications with UAS.
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Appendices

Appendix A: Supplemental Information for Chapter 3

AGRAS T50/T25 Unmanned Aircraft Flight Manual

T25
Rear View Folded
1. Propellers 8. Sprinklers 17. Landing Gear
2. Motors 9. Spray Tank 18. Intelligent Fight Battery
3. ESCs 10. Delivery Pumps 19. Onboard D-RTK Antennas
4. Aircraft Front 11. FPV Camera 20. Internal Ocusyncimage
Indicators (on two 12. Downward Binocular Vision Transmission Antennas
front arms) 13. Forward Binocular Vision 21. External OcuSync Image
5. Frame Arms 14. Spotlights Transmission Antennas
6. Folding Detection 15. Forward Phased Array Radar ~ 22. Aircraft Status Indicators
Sensors (built-in) 16. Rear Phased Array Radar {on two rear arms)

7. Spray Lance

Figure A.1. DJI Agras T25 Diagram and Different Components.
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T25

Aircraft
Model

Weight
Max Takeoff Weight"!

Max Diagonal Wheelbase

Dimensions

Hovering Accuracy Range
(with strong GNSS signal)
Operating Frequency*

Transmitter Power (EIRP)

RTK/GNSS Operating
Frequency

Hovering Time™

Max Configurable Flight
Radius

Max Wind Resistance
Operating Temperature

3WWDZ-20B

25.4 kg (excl. battery)

32 kg (inc. battery)

Max takeoff weight for spraying: 52 kg (at sea level)
Max takeoff weight for spreading: 58 kg (at sea level)
1925 mm

2585%2675x780 mm (arms and propellers unfolded)
1475x1540x780 mm (arms unfolded and propellers folded)
1050x690%820 mm (arms and propellers folded)

D-RTK enabled: Horizontak: £10 cm, Vertical: £10 cm

D-RTK disabled:

Horizontal: +60 cm, Vertical: 230 cm (radar module enabled: £+10 cm)
2.4000-2.4835 GHz, 5.725-5.850 GHz

2.4 GHz: <20 dBm (SRRC/CE/MIC), <33 dBm (FCC)

5.8 GHz: <33 dBm (SRRC/FCC), <14 dBm (CE)

RTK: GPS L1/12, GLONASS F1/F2, BeiDou B11/B2I/B3I, Galileo E1/ESb,
Qzss L2

GNSS: GPS L1, GLONASS F1, Galileo E1, BeiDou B1l, QZSS L1

No paytoad for spraying: 14.5 min (takeoff weight of 32 kg with a 15.5Ah
battery)

Fully loaded for spraying: 7 min (takeoff weight of 52 kg with a 15.5Ah
battery)

No payload for spreading: 14.5 min (takeoff weight of 32 kg with a
15.5Ah battery)

Fully loaded for spreading: 6 min (takeoff weight of 58 kg with a 15.5Ah
battery)

2000 m

ém/s
0°t0d45°C(32°to 113° F)

77

Figure A.2. DJI Agras T25 Specifications (1/4)
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AGRAS T50/T25 Unmanned Aircraft Hight Manual

Propulsion System

Motors

Stator Size 100x28 mm

KV 59 rpm/V

Power 4600 W/rotor
Propellers

Diameter 50 in (1270 mm)
Rotors Quantity 4

Dual Atomizing Spraying System

Spray Tank

Volume 20L

Operating Payload"” 20 kg

Sprinklers

Model LX8060SZ

Quantity 2

Droplet Size 50-500 pm

Max Effective Spray Width'® 4-7 m (at a height of 3 m above the crops)
Delivery Pumps

Type Magnetic drive impeller pump
Max Flow Rate 16 Umin (2 sprinklers)
Phased Array Radar System

Model

Terrain Follow

Obstacle Avoidance™

Operating Frequency
Power Consumption

Transmitter Power (EIRP)
Operating Voltage

78  ©2024Dj| A8 Rights Resenwa

RD241608RF (forward phased array radar)

RD241608RB (rear phased array radar)

Max slope in Mountain mode: 50°

Altitude detection range: 1-50 m

Stabilization working range: 1.5-30 m

Obstacle sensing range (omnidirectional): 1-50 m

FOV:

Forward phased array radar: horizontal 360°, vertical +45°, upward £45°
(cone)

Rear phased array radar: vertical 360°, horizontal £45°

Working conditions: flying higher than 1.5 m aver the obstacle at a horizontal
speed no more than 10 m/s and vertical speed no more than 3 m/s.

Safety limit distance: 2.5 m (distance between the front of propellers
and the obstacle after braking)

Sensing direction: muitidirectional obstacle sensing

24.05-24.25 GHz (NCC/FCC/MIC/KCC/CE)

23 W (forward phased array radar)
18 W (rear phased array radar)

<20 dBm (NCC/FCO/MIC/KCC/CE)
DC 15V

Figure A.3. DJI Agras T25 Specifications (2/4)
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AGRAS T50/T25 Unmanned Aircraft Flight Manual

Operating Temperature
Binocular Vision System
Measurement Range
Effective Sensing Speed
FOV

Operating Environment
Remote Controller
Model

GNSS

Screen

Operating Temperature
Storage Temperature
Range

Charging Temperature
Internal Battery Chemical
System

Internal Battery Runtime
External Battery Runtime

Charging Type

Charging Time

03 Agras

Operating Frequency™
Transmitter Power (EIRP)

Max Transmission
Distance

Wi-Fi

Protocol

Operating Frequency™
Transmitter Power (EIRP)

Bluetooth

Protocol

Operating Frequency
Transmitter Power (EIRP)

0°t045° C(32°to 113° F)

0529 m

<10m/s

Horizontal: 90°, Vertical: 106°

Adequate light and discemible surroundings

RM700B
GPS + Galileo + BeiDou

7.02-in LCD touchscreen, with a resolution of 1920x1200 pixels, and
high brightness of 1200 cd/m*

-20°to 50° C(-4°to 122°F)

Less than one month: -30° to 45° C (-22°to 113° F)
One to three months: -30° to 35° C(-22°t0 95° F)
Three months to one year: -30° to 30° C(-22° to 86° F)

5°to 40° C(41°to 104° F)
LiNiCoAlIO2

3 hours 18 minutes
2 hours 42 minutes

It is recommended to use a locally certified USB-C charger at a
maximum rated power of 65 W and maximum voltage of 20 V such as
the DJI 65W Portable Charger.

2 hours for internal battery or internal and external battery (when
remote controller is powered off and using a standard DJI charger)

2.4000-2.4835 GHz, 5.725-5.850 GHz

2.4 GHz: <33 dBm (FCC), <20 d8m (CE/SRRC/MIC)
5.8 GHz: <33 dBm (FCC), <14 dBm (CE), <23 dBm (SRRC)

7 km (FCC), 5 km (SRRC), 4 km (MIC/CE)
(unobstructed, free of interference, and at an altitude of 25m)

Wi-Fi 6
2.4000-2.4835 GHz, 5.150-5.250 GHz, 5.725-5.850 GHz

2.4 GHz: <26 dBm (FCC), <20 dBm (CE/SRRC/MIC)
5.1 GHz: <26 dBm (FCC), <23 dBm (CE/SRRC/MIC)
5.8 GHz: <26 d8m (FCC/SRRC), <14 dBm (CE)

Bluetooth 5.1
2.4000-2.4835 GHz
<10 dBm

Figure A.4. DJI Agras T25 Specifications (3/4)
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AGRAS T50/T25 Unmanned Aircraft Hight Manual

[1] The DJI Agras app will intelligently recommend the payload weight limit for the tank according to the
curremt status and surroundings of the aircraft. Do not exceed the recommended payload weight limit
when adding material to the tank. Otherwise, the flight safety may be affected.

[2) 5.8 and 5.1 GHz frequencies are prohibited in some countries, In some countries, the 5.1 GHz frequency is
only allowed for use indoors.

[3] HMovering time acquired at sea level with wind speed lower than 3 m/s and a temperature of 25° C (77° F).
For reference only. The dats may vary depending on the environment Actual results shall be as tested.

[4) The spray width depends on the actual operation scenarios.

[5] The effective sensing range varies depending on the material, position, shape, and other properties of the
obstacle. The downward sensing function is used 1o assist in Terrain Follow, while the sensing function on
the other sides is for obstacle sensing.

Figure A.5. DJI Agras T25 Specifications (4/4)
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There are several templates for typical spreading materials in the spreading settings of the DJI
Agras app. Users can start spreading operations directly when using any of the templates. Users
can also create templates if the performance of the templates in the app are not satisfactory or
if other spreading materials are being used. Flow calibration is required when creating a new
template. Refer to the Usage section for more information about creating templates.

4% -« Calibration is required after replacing the hopper gate to ensure the operation accuracy.

Usage

If the performance of the existing templates are unsatisfactory or other materials are being
used, users can create a new template as follows:

1. Disassemble the spinner disk according to the instructions in the Maintenance section. Make
sure to store the removed pin, nut, and washer carefully.

2. Place the aircraft on a flat surface. It is recommended to place a plastic sheet or film below
the hopper outlet to collect the dispensed material. Add the used material into the spread
tank and close the cover. It is recommended to add more than 15 kg of the material.

3. Make sure the spreading system cable is connected and then power on the remote
controller and aircraft.

4. Go to Operation View in the app, tap €, then ®, and tap Materials Management. Select Add
New Material and then set the type of the hopper outlet in use.

X} * When using the standard hopper gate that is pre-mounted on with the spreading
system, make sure to set the hopper outlet type to Hopper Outlet 1. When using the
small flow hopper gate that is sold separately, make sure to set the hopper outlet
type to Hopper Outlet 2. Refer to the Replacing Hopper Gate section to learn how to
replace the hopper gate and the recommended materials.

5. Tap Calibrate and the spreading system will start working during the calibration.
6. Set the material amount, spinner disk speed, and flight speed after calibration and tap Save.
7. Power off the aircraft and remount the spinner disk.

Figure A.6. DJI Agras T25 Calibration Instructions for Dry Materials
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Specifications

Specifications TS50 Spreading System T25 Spreading System

Compatible Aircraft Agras T50 Agras T25

Spreading System Weight 6.0 kg 39kg

(inc. spread tank and

fenders)

Spread Tank Volume 75L 35L

Spread Tank Internal Load™ |50 kg 25kg

Compatible Material 0.5-5 mm

Diameter

Spreading Range Varies according to the material diameter, spinner disk rotational
speed, hopper outlet size, and flight altitude. For optimal
performance, it is recommended to adjust the corresponding
variables to achieve a spreading range of 4.5-7 meters.

[1] The aireraft firmware must support the spreading system. Check the release notes of the corresponding
alrcraft on the official D)l website.

[2] The DJi Agras app will intelligently recommend the payload weight limit for the spread tank according
to the current status and the surroundings of the aircraft. DO NOT exceed the recommended payload
weight limit when adding the material to the spread tank. Otherwise, flight safety may be affected.

Figure A.7. Specifications of the Dry Spreading System on DJI Agras T25.
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Table A.1. Meteorological data for the field test involving different application rates.

I({E;eh”fl_els)t Replication ngﬁ SII))G ed Direction ];ET)p Hu?)l/(l)()hty
22.4 1 1.34 NW 10.6 76.0
22.4 2 1.34 NW 10.6 75.0
22.4 3 0.89 NNE 10.6 74.0
22.4 4 1.79 N 10.6 75.0
33.6 1 1.34 NNE 11.1 74.0
33.6 2 2.24 NNE 11.1 73.0
33.6 3 0.45 N 11.1 68.0
33.6 4 1.34 NE 11.1 73.0
44.8 1 0.89 N 11.7 72.0
44.8 2 1.34 NNE 11.7 70.0
44.8 3 0.89 N 11.1 71.0
44.8 4 0.89 NNW 11.7 72.0
56.0 1 2.24 ENE 11.7 71.0
56.0 2 2.24 ENE 11.7 70.0
56.0 3 0.89 N 11.7 69.0
56.0 4 0.45 NE 11.7 69.0
64.3 1 0.89 NW 11.7 70.0
64.3 2 1.79 NE 12.2 69.0
64.3 3 2.24 NW 12.8 68.0
64.3 4 2.24 NE 12.8 69.0
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Table A.2. Meteorological data for the field test involving different flight speeds.

I({E;eh"l;_els)t Replication ngﬁ SII))G ed Direction "Eecnol)p Hu?)l/(l)()hty
6.0 1 1.34 WNW 15.0 58.0
6.0 2 1.79 WNW 15.0 59.0
6.0 3 1.79 WNW 15.0 59.0
6.0 4 1.79 WNW 15.0 60.0
7.0 1 0.89 WSW 13.9 64.0
7.0 2 1.34 W 13.9 64.0
7.0 3 1.79 W 13.9 65.0
7.0 4 0.89 W 13.9 64.0
8.0 1 1.79 W 14.4 62.0
8.0 2 1.34 W 14.4 61.0
8.0 3 0.89 W 14.4 62.0
8.0 4 1.34 WNW 14.4 62.0
9.0 1 1.79 W 14.4 62.0
9.0 2 1.34 W 14.4 62.0
9.0 3 0.89 W 14.4 63.0
9.0 4 1.79 W 14.4 62.0
10.0 1 0.89 WNW 12.8 66.0
10.0 2 0.89 W 12.8 67.0
10.0 3 0.89 WNW 12.2 67.0
10.0 4 0.45 WNW 12.2 68.0
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Appendix B: Supplemental Information for Chapter 4

Table B.1. Meteorological data for the spinner disc rpm and flight height field tests.

Spinner Flight Wind Temp  Humidity
Disc Speed  Height Replication  Speed  Direction C°) (%)
(RPM) () (ms") ( °
700 3.0 1 0.89 SE 30.6 47.0
700 3.0 2 0.89 E 30.6 48.0
700 3.0 3 0.89 NE 30.6 49.0
700 3.0 4 1.34 NW 30.6 49.0
1000 3.0 1 1.34 NNE 30.6 50.0
1000 3.0 2 0.89 N 30.6 48.0
1000 3.0 3 0.45 N 30.6 49.0
1000 3.0 4 1.34 N 30.6 49.0
1300 3.0 1 1.34 N 30.6 50.0
1300 3.0 2 0.45 NE 30.6 48.0
1300 3.0 3 1.34 SE 30.6 48.0
1300 3.0 4 0.89 SE 30.6 48.0
700 3.8 1 0.45 NE 30.6 50.0
700 3.8 2 0.45 ESE 30.6 49.0
700 3.8 3 1.34 ENE 30.6 50.0
700 3.8 4 2.24 NNE 30.6 49.0
1000 3.8 1 0.89 N 30.0 51.0
1000 3.8 2 0.89 SE 30.0 48.0
1000 3.8 3 0.89 NNE 30.0 51.0
1000 3.8 4 0.00 - 30.6 49.0
1300 3.8 1 2.24 NNW 30.6 53.0
1300 3.8 2 1.34 N 30.6 50.0
1300 3.8 3 1.34 ESE 30.0 50.0
1300 3.8 4 0.45 SE 30.0 50.0
700 4.6 1 0.89 N 30.6 50.0
700 4.6 2 0.89 N 30.6 51.0
700 4.6 3 0.45 ENE 30.6 51.0
700 4.6 4 0.89 NE 30.6 50.0
1000 4.6 1 2.68 NNW 29.4 54.0
1000 4.6 2 0.00 - 30.0 52.0
1000 4.6 3 2.24 ENE 30.0 52.0
1000 4.6 4 1.34 NW 30.0 52.0
1300 4.6 1 0.45 S 28.3 57.0
1300 4.6 2 0.45 S 28.9 55.0
1300 4.6 3 1.34 NNW 28.3 58.0
1300 4.6 4 0.89 SW 28.9 56.0
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Table B.2. Meteorological data for the gate design and application rate field test.

Gate Application . Wind . Temp  Humidity
Design Ra‘[e_1 Replication Spee_:fl Direction ) (%)
(kg ha™) (ms™)
Large 22.4 1 0.00 - 20.0 85.0
Large 22.4 2 0.00 - 20.0 85.0
Large 22.4 3 0.00 - 20.0 86.0
Large 22.4 4 0.00 - 20.0 86.0
Large 33.6 1 0.00 - 20.6 86.0
Large 33.6 2 0.45 W 20.0 85.0
Large 33.6 3 0.00 - 21.1 85.0
Large 33.6 4 1.34 E 21.7 84.0
Large 44.8 1 0.89 SSE 222 83.0
Large 44.8 2 0.89 SSE 222 83.0
Large 44.8 3 1.34 SSE 22.8 80.0
Large 44.8 4 1.34 SSW 22.8 80.0
Medium 22.4 1 0.45 ESE 23.9 77.0
Medium 22.4 2 0.45 S 24.4 75.0
Medium 22.4 3 2.24 S 24.4 74.0
Medium 22.4 4 2.68 SSE 25.0 73.0
Medium 33.6 1 2.68 S 25.0 73.0
Medium 33.6 2 1.34 SSE 25.0 71.0
Medium 33.6 3 1.79 ESE 25.6 70.0
Medium 33.6 4 S 25.6 68.0
Medium 44.8 1 2.24 ENE 25.6 69.0
Medium 44.8 2 2.24 S 26.1 70.0
Medium 44.8 3 1.79 SSW 26.1 66.0
Medium 44.8 4 1.79 S 26.1 66.0
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Table B.3. Meteorological data spreading disc design and application rate field test.

Disc Application . Wind o Temp  Humidity
Design Rate_1 Replication Spee_:ld Direction () (%)
(kg ha™) (ms™)
Curved 33.6 1 1.34 NNE 22.8 78.0
Curved 33.6 2 0.45 ESE 22.8 78.0
Curved 33.6 3 0.89 ESE 233 78.0
Curved 33.6 4 0.00 - 233 76.0
Curved 44.8 1 1.34 NNE 233 76.0
Curved 44.8 2 0.00 - 233 77.0
Curved 44.8 3 0.89 E 233 77.0
Curved 44.8 4 0.89 N 233 75.0
Curved 56.0 1 0.45 WNW 239 75.0
Curved 56.0 2 0.00 - 239 75.0
Curved 56.0 3 0.45 NNE 239 76.0
Curved 56.0 4 0.00 - 23.9 75.0
Straight 33.6 1 0.00 - 23.9 75.0
Straight 33.6 2 0.00 - 244 73.0
Straight 33.6 3 0.89 NNE 244 74.0
Straight 33.6 4 0.45 ENE 24.4 74.0
Straight 44.8 1 0.00 - 24.4 73.0
Straight 44.8 2 0.45 ENE 24.4 73.0
Straight 44.8 3 0.00 - 25.0 74.0
Straight 44.8 4 0.00 NNE 25.6 72.0
Straight 56.0 1 1.34 NE 25.6 71.0
Straight 56.0 2 0.45 WSW 25.6 71.0
Straight 56.0 3 0.89 SE 26.1 71.0
Straight 56.0 4 0.45 W 26.7 69.0
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Figure B.1. Single-pass distribution patterns for cereal rye applied with a UAS at different (a)
application heights and spinner-disc speeds, and (b) metering gates, and (c) spreading discs
(different vane designs) tested across different application rates. 0 m on the graph coincides with
the center of the UAS flight path.
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Figure B.2. Simulated overlap spread patterns using progressive application method for cereal
rye applied with a UAS at different (a) application heights and spinner-disc speeds, and (b)
metering gates, and (c) spreading discs (vane designs) tested across different application rates. 0
m on the graph coincides with the center of the UAS flight path.
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Figure B.3. Simulated overlap spread patterns using one-direction application method for cereal
rye applied with a UAS at different (a) application heights and spinner-disc speeds, and (b)
metering gates, and (c) spreading discs (vane designs) tested across different application rates. 0
m on the graph coincides with the center of the UAS flight path.
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