
 

 

 

ABSTRACT 

BEVERLY III, GORDON THOMAS Development and Experimentation of an Herbicide 

Dispersal System for an Autonomous Aquatic Weed Management System (Under the direction of 

Dr. Scott Ferguson.) 

Many lakes and ponds in the US are plagued with aquatic weed infestations, especially with weeds 

that have migrated from other countries. These aquatic weeds have been managed using manual 

herbicide application and mechanical harvesting. Herbicide application has been widely achieved 

using large-scale, manually operated watercraft especially as the size of the body of water 

increases. United Phosphorus Inc. sponsored a group of North Carolina State researchers to 

develop a fully autonomous watercraft for management of invasive aquatic weeds. A major 

subcomponent that required design and development was containing and dispersing the herbicide. 

As the system would be used extensively in water, tradeoffs needed to be managed between system 

size, configuration, and performance while also making the dispersal autonomous. The system 

designed in this thesis was experimentally validated and the architecture of the boat was updated 

to meet project performance requirements and the requirements of the new dispersal system.  
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 INTRODUCTION 

1.1. Introduction 

In the summer of 2016, researchers at North Carolina State University were approached by United 

Phosphorus Inc. to design and construct an autonomous aquatic system for vegetation 

management. United Phosphorus Inc. is a chemical company that produces agricultural, pest, and 

aquatic management resources. The original concept was that an autonomous boat could be used 

to treat small aquatic areas such as small lakes and ponds. The system was to: function under 

autonomous navigation, collect data that could be used to identify aquatic weed concentrations, 

and provide a method of aquatic weed control.  

The first prototype, shown in Figure 1.1, was developed to examine the autonomous navigation 

capabilities and implement the guidance system chosen.  

 

Figure 1.1: Initial prototype developed for the aquatic vegetation project. 

 

The work completed on this initial prototype provided basic architectural information that helped 

to form the required component list and architectural guidelines shown in Table 1.1 below. 
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Table 1.1: Initial prototype architectural design layout. 

 

1.2. Research Questions 

The research completed has worked to address two specific design research questions.  

The first research question requires a focus into the design of a dispersal system that meets the 

requirements put in place at the outset of the project. The answer to this question can be formalized 

through the creation and adoption of a dispersal system for use in an autonomous setting. 

Traditional methods of herbicide dispersal, such as the LittLine [1], require large vessels to be 

used. For instance, LittLine literature recommends a 22 to 26-foot vessel fitted with an outboard 

motor [1]. In addition, both of these aquatic weed control systems required manual operation. The 

early prototypes for this project are of a much smaller scale and will not be suitable for the 

aforementioned dispersal techniques. The scale of the autonomous boat project will lead to design 

challenges addressed by the first research question: 

Research Question 1:  What is a sufficient and effective 

herbicide dispersal system for autonomous aquatic weed 

management? 

System Function System Architecture Design Description

Propulsion Airboat
Electric motor, propellor, 

azipod

Ship Form Catamaran 
Two polystyrene foam 

pontoons

Power Battery
Lead acid battery to provide 

power to electronics and motor

Navigation Autonomous GPS Navigation
Autopilot module, radio 

receiver and transmitter

Storage Plastic Bins
Provide water protection for on-

board electronic components 
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The first prototype was designed to accommodate the first-generation payload. Included in this 

payload were components needed to test the buoyancy/stability, autonomous technology, and 

hydrostatic mapping capabilities of the boat. Not included were the additional components 

required to disperse herbicide. As is described later in this work, the supplemental components 

required to carry out the task of herbicide dispersal add a significant amount of weight to the 

payload, and the overall vehicle. This increase in weight can have significant effects. The 

investigation into these effects lead to the second research question: 

Research Question 2: What effects does the implementation of 

an herbicide dispersal system have on the current boat prototype 

architecture? 

The exploration of these research questions represents the foundation of this thesis work. The 

solutions posed to these research questions will drive this project forward into future prototypes 

and ultimately a finished product.  

1.3. Chapter Summary 

The process to present solutions to the research questions was organized in a manner to 

satisfactorily provide insight into the research, design, experimentation, and application aspects of 

this work. Chapter 2 explains the process taken to develop the herbicide dispersal system. Within 

the chapter, assumptions about the aquatic vegetation of focus, type of herbicide to be used, and 

treatment calculations are explained. The chapter also describes the design approach taken in this 

project including functional modeling and design-by-analogy. Ultimately, Chapter 2 provides 

solutions to the first research question. 

Chapter 3 focuses on the development of the physical model used to determine initial design 

flotation and stability. The model developed in Chapter 3, is then used to arrive at design solutions 

for the configuration of on-board components. The optimization process of several design 

objectives are then described in Chapter 5 to determine changes in the boat architecture necessary 

for initial equilibrium and stability. The combination of the model developed in Chapter 3 and the 

configuration optimizations of this model in Chapter 5, provide solutions for the second research 

question. Finally, Chapter 6 presents and summarizes the research conclusions of this work, as 

well as the extension of the project into future prototype iterations.  
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 AQUATIC HERBICIDE DISPERSAL SYSTEM 

2.1. Introduction 

The major theme and topic of the second chapter is the requirement development of the dispersal 

system. Background information on specific aquatic weeds that are to be treated, and which 

herbicides are to be used, is presented. Material data regarding the herbicide is described, along 

with proper rates of use. Techniques for designing the system are described and final decisions on 

components and configurations are also included. 

2.2. Aquatic Weed and Herbicide Information 

The herbicide dispersal system will be used to help maintain and control the spread of aquatic 

weeds within ponds, lakes, and other bodies of water. For herbicides to be used in aquatic settings, 

the product must be approved by the Environmental Protection Agency (EPA). This agency places 

requirements that each herbicide provide pertinent information on its labeling, and this label stands 

as legal documentation. Each label provides strict information on the approved target plants, sites 

of application, application rates, and any restrictions on the use of water following treatment. [2] 

A large variety of herbicides exist for managing the growth of aquatic plants. Herbicides such as 

bisphyribac, diquat, endothall, fluridone, glyphosate, and triclopyr are commonly registered 

aquatic herbicides [3]. Each herbicide can be used to treat a variety of aquatic plant, at varying 

efficiency levels. Table 2.1 provides a list of fifteen of the most common registered aquatic 

herbicides. 
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Table 2.1: List of registered aquatic herbicides including their effectiveness on various aquatic 

vegetation groups [3]. 

 

Not only do several varieties of aquatic herbicide exist (listed in Table 2.1 by the active ingredient), 

but each herbicide manufacturer will provide a unique name for the product to allow for product 

differentiation (as shown in Table 2.2). Furthermore, each product may contain the same active 

ingredient, but at varying concentrations and in alternative forms - both liquid and granular. 
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Table 2.2: A list of herbicide active ingredients and manufacturer product trade names [3]. 

 

Important for this work, and for the design of the dispersal system in general, is to make 

assumptions about the type of herbicide used. As each herbicide has its own unique product 

labeling, the application rates may vary greatly.  

To maintain consistency in calculations, an assumption has been made on the type of plant being 

treated and the type of herbicide to be used. The application rate of the herbicide will be considered 

constant to help provide herbicide dispersal system proof of concept. 

The aquatic plant chosen as the focus of this work is hydrilla verticillata. Native to the warm water 

region of Asia [4], hydrilla has been introduced and naturalized in several countries including the 

United States [5]. Hydrilla has had many negative effects on the aquatic environments within the 

southeastern US, including interference with drainage and irrigation [5], crowding out indigenous 

plant species, and reducing biodiversity [6].  

Aquathol-K has been chosen as the herbicide of choice. Aquathol-K is an aquatic herbicide 

manufactured by the project sponsor UPI. Aquathol-K contains the active ingredient of endothall 

[3], and can be categorized as a contact herbicide [2]. Contact herbicides require an estimated 12 

to 72 hours of exposure time to the plant, varying based on the concentration of endothall within 

the herbicide [2]. Table 2.3 provides the Aquathol-K application rate for hydrilla. It is assumed 

that the application rate of Aquathol-K will follow the recommendations provided within Table 
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2.3 for a large area treatment. Application rates range from 0.6 to 2.6 gallons per surface acre foot 

of water, where a surface acre foot represents one acre of water at one foot of depth [7]. The 

Aquathol-K MSDS varies the application rate based on application area and dilution rates of the 

chemical. 

Table 2.3: Application rates of Aquathol-K herbicide for various aquatic plants [8]. 

 

More specific information on how ppm relates to gallons per acre-foot of Aquathol-K provided in 

Table 2.3 are further detailed in Table 2.4. 

Table 2.4: Relationship between application rate measures of Aquathol-K herbicide [8]. 
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2.3. Herbicide Dispersal Calculations 

A key requirement of the herbicide dispersal system is to treat the targeted area with a safe and 

adequate amount of Aquathol-K. Failure to disperse an adequate amount of herbicide will likely 

lead to poor weed control and a reduction in the efficacy of the herbicide product [9]. Alternatively, 

failure to apply a safe amount of herbicide could lead to unwanted consequences to fish and plant 

life. Beyond environmental impacts, the application of herbicides in excess amounts is a violation 

of federal law and could lead to legal consequences [9]. The consequences of under/over applying 

herbicide provides the need to place careful attention and detail on the design of the dispersal 

system. To help with defining the parameters of application, treatment calculations were developed 

and carried out.  

To begin the treatment calculations, several simplifying assumptions have been made. To 

determine the treatment needs of any sized pond or lake, a unit acre assumption has been created 

and applied. This assumption allows for calculations to be made for a single surface acre. For any 

pond or lake larger or smaller than a single acre, a proportional approach can then be taken to 

determine appropriate treatment requirements.  

In addition to the surface acre assumption, an average depth will be taken as six foot. This depth 

assumption was made based on USDA recommendations for minimum pond depths shown in 

Figure 2.1 below. The USDA’s recommendation for the southeastern region is a minimum of six 

feet, making this an appropriate assumption for the study.  
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Figure 2.1: Recommended minimum depths for pond construction in the United States [10]. 

 

Aquathol-K data labeling provides application rates by the gallon per acre-ft unit. With an 

assumption of a single surface acre and a depth of six feet, the volumetric amount of herbicide (in 

gallons) to use in treatment can be found using the following equation: 

�����	
� =  ∗ � ∗ �, 2.1 

where A is the surface acreage, d is the average depth in feet, and u is the application rate in gallons 

per acre-foot (as provided in Table 2.3). 

In actual herbicide application, the shore profile of ponds and lakes can take on many forms. It is 

important that the path taken during herbicide application be calculated in a succinct manner. To 

alleviate geometric complexities that do not provide any additional information, the treatment acre 

is assumed to be square in shape. The square shape allows for the formulation of appropriate 

transects taken by the boat. A transect will be defined as the physical path taken by the boat during 

herbicide application. Transects have been set up in an up-and-back manner. Figure 2.2 represents 

a generic transect pattern for a square acre body of water.  
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Figure 2.2: Illustration of autonomous boat application path assumption (dashed line). 

 

Transect patterns are differentiated by the distance between transects (������ in Figure 2.2). Three 

transect patterns have been generated for this work and are shown in Table 2.5. Assumed treatment 

dimensions achieved by the boat are based on the width of the first boat prototype. The first 

prototype measured 2.5 feet in width. The treatment area was then assumed to equal to the width 

of the boat. 

To determine the completion time of the application tour, the following equation was used 

 ������
�	�� = ���∗��������∗� !"#$%
&'(" ,  2.2 

where ) is the number of transects in the tour, � is the length of the transect, and *+��� is the 

velocity of the boat (assumed to be 1.203 ft/s as based on trial runs of the prototype). 
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To determine the percentage of treatment area directly contacted during the application tour, the 

follow equation was used 

%������� = -��∗. !/" ∗��
0 ∗ .

� !"#$1 ∗ 100, 2.3 

where wtreat is the treatment width of the boat (in ft), A is the treatment acreage (in sq. ft), and w 

is the width of the treatment acreage (in ft). 

Table 2.5: Three transect patterns (10, 20, 30) for use in herbicide calculations. 

 

It must be noted that the contact percentage represents the surface area percentage of water in 

which the initial application is made. Diffusion and migration of the herbicide into non-contacted 

portions of the pond/lake can be assumed. 

The main objective of the herbicide dispersal calculations was to determine the required flow rate 

of the herbicide into the water. The design and performance of the dispersal system will be 

validated by the system’s ability to meet these minimum flow rate requirements. Table 2.6 relates 

the time for completion with the application rates supplied by [8] to determine the appropriate flow 

rates of the chemical. 

Table 2.6: Resulting herbicide flow rates for each transect option based on application rate (dashed 

lines represent "moderate" rates). 

 

Minimum requirements of the system were made based on the moderate application rates shown 

in Table 2.6. The Aquathol-K literature suggests that for small ponds and lakes with minimal 

outflows, a 2.0ppm concentration level be used for application (1.25 gal/acre-ft); lying within the 

moderate range of Table 2.6. Rather than satisfy this single application rate, the dispersal system 

Transect Spacing (ft) 10.0 Transect Spacing (ft) 20.0 Transect Spacing (ft) 30.0 Transect Spacing (ft) 208.0

# of Transects 21.00 # of Transects 10.00 # of Transects 7.00 # of Transects 2.00

Area Treated (sq ft) 13924.892 Area Treated (sq ft) 6630.901 Area Treated (sq ft) 4641.631 Area Treated (sq ft) 1326.180

Contact Percentage 32% Contact Percentage 15% Contact Percentage 11% Contact Percentage 3%

Completion Time (min) 63.518 Completion Time (min) 31.422 Completion Time (min) 22.744 Completion Time (min) 8.668

Option DOption A Option B Option C

 Application Rate

 (gal / A-ft)

Herbicide Flow

Rate (gpm)

 Application Rate

 (gal / A-ft)

Herbicide Flow

Rate (gpm)

 Application Rate

 (gal / A-ft)

Herbicide Flow

Rate (gpm)

 Application Rate

 (gal / A-ft)

Herbicide Flow

Rate (gpm)

0.6 0.057 0.6 0.115 0.6 0.158 0.6 0.415

1 0.099 1 0.191 1 0.264 1 0.987

1.4 0.138 1.4 0.267 1.4 0.369 1.4 1.382

1.8 0.178 1.8 0.344 1.8 0.475 1.8 1.777

2.2 0.217 2.2 0.420 2.2 0.580 2.2 2.172

2.6 0.257 2.6 0.539 2.6 0.770 2.6 2.567

Option D

(200 ft Spaced Transects)

Option A

(10 ft Spaced Transects)

Option B

(20 ft Spaced Transects)

Option C

(30 ft Spaced Transects)
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is characterized based on the moderate range of application rates. The 2.2 and 2.6 gal/A-ft 

application rates are for more severe infestations of aquatic weeds. These application rates may be 

satisfied by the dispersal system, but moderate application rates are the priority focus. 

2.4. Function-Based Representation of the Herbicide Dispersal System 

Section 2.3 provided a mathematical basis for defining the set of herbicide dispersal requirements 

of the system. Upon completing the formulation and calculation of system performance 

requirements, the formal design process began. 

Although this herbicide dispersal system can be considered a new product, it has some distinct 

similarities to other existing products. When considering design solutions for the new system, a 

design-by-analogy approach was employed. The design-by-analogy approach is often used to 

develop new and “good” concepts [11]. McAdams and Wood describe the search for design 

solutions as inherently conscious and unconscious reliance on prior knowledge and experience. 

When considering solutions, a design engineer may visit other products that have similarities. In 

[11], a quantitative metric is provided to identify products with similarities that are “critical to the 

success of a design.” The quantitative metric was not specifically used within this work, but the 

core idea was at the forefront of the applied design strategy.  

McAdams and Wood’s ideology can best be explained in the following: 

A fundamental philosophy . . . is that customer needs drive the 

product function. If two products have a function in common, such 

as store energy, and this function is related to important customer 

needs, these two products have a design-relevant similarity.  

The first step of the process is to develop basic functions and flows of the product. To illustrate 

these functions and flows, a functional-based representation was developed according to 

guidelines set forth in [12]. Van Wie et al [12], define a function as a “transformation between a 

set of input flows to a set of output flows”. Three flows exist with regards to a function; energy, 

material, and signals. Each function may or may not contain all three flows.  

For the design work of this project, the fundamental functions of the herbicide dispersal system 

(storing fluids, directing fluids, mixing fluids, and providing fluid flow) were considered and the 
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functional-based representation is illustrated in Figure 2.3. Depending on observed complexities, 

certain functions may be broken down further. A series of subfunctions may be required to allow 

the designer to fully explore solutions to the primary function. The “provide fluid flow” function 

was given this treatment as shown in Figure 2.4. 
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Figure 2.3: Functional-based representation of the herbicide dispersal system. 
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Figure 2.4: Subfunction model of 'provide fluid flow' primary function. 
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After the functional-based representation was generated, products were gathered and researched 

based on two approaches. The first approach was preexisting aquatic herbicide dispersal systems 

in non-autonomous applications. These systems logically contain functional similarities, and their 

solutions were studied and noted. The second approach was research into products not used in 

either herbicide or aquatic applications. It was the research into these products that emphasized the 

design-by-analogy approach.  

2.5. Preexisting Herbicide Dispersal Systems in Non-Autonomous Applications 

Solution generation through exploration of preexisting herbicide dispersal systems for non-

autonomous applications was broken down into two sub-categories: conventional methods and 

commercial systems. For this work, conventional methods will refer to dispersal systems used in 

service applications. These systems have not been designed with the objective of being sold to 

consumers, but instead consumers will pay for the aquatic weed management service. 

Alternatively, commercial systems are considered to be products developed with the intention to 

be sold to consumers. 

A product to be sold may embody and require more design research and decision-making than a 

service to be sold. Observations of the solutions developed to carry out basic dispersal functions 

of both conventional methods and commercial systems were used to facilitate the development of 

the system. Research into these systems will provide solutions for the required functions detailed 

in the functional-based model generated in Section 2.4. The questions to be answered with this 

research are as follows: 

a. How have functions of herbicide dispersal been accomplished by other systems? 

b. How can previously developed approaches be adapted to this autonomous system? 

 Conventional Dispersal Methods 

A variety of dispersal methods have been used in the application of herbicides to control aquatic 

weeds. This section covers some of these conventional application methods. Figure 2.5 through 

Figure 2.9 provide illustrations of these conventional application methods. The methods illustrated 

include manual hand sprayers, granular spreaders, and drop/trailing hose systems.  
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Figure 2.5: Airboat with manual hand sprayer application system [13]. 

 

 

Figure 2.6: Drop hose herbicide dispersal system for subsurface application [13]. 

 



18 

 

 

Figure 2.7: Granular spreader system for aquatic weed treatment [9]. 

 

 

Figure 2.8: Trailing hose application method used with airboat and on-board operators [2]. 
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Figure 2.9: Aquatic application equipment used by Aquaclear Lake Management, Inc [14]. 

 

Research into conventional methods provided the following conclusions: 

• Conventional methods included require manual operation of system. 

• Methods shown in Figure 2.5, Figure 2.6, and Figure 2.8 are assumed to require some 

variation of pump mechanism (whether manual or powered). 

• Operation scaling potentially larger than that intended for this autonomous boat project 

(as compared to the first-generation prototype) 

• Hosing is the primary method of control/targeting fluid flow. 

 LittLine 

LittLine is an aquatic herbicide dispersal system developed in 2008. It was designed to meet Idaho 

Department of Agriculture requirements, and was initially used to treat 2000 acres of Eurasian 

Watermilfoil. LittLine is more than just a dispersal system, but instead a comprehensive herbicide 

treatment package. The package includes the application system controls and modules, aquatic 

vegetation mapping technology, and the herbicide application system. LittLine uses a liquid 

herbicide, as opposed to a granular form.  

The physical components of the application system are of most interest to this work. The physical 

components of the LittLine technology are provided in Table 2.7 below.  
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Table 2.7: LittLine physical system components and intended functions [1]. 

 

Design conclusions generated from the functional decomposition of the LittLine system are as 

follows: 

• The 200-gallon capacity requires the use of a large-scale aquatic vessel as illustrated in 

Figure 2.10 and Figure 2.11. 

• Large capacity tanks may allow for herbicide concentrate to be pre-mixed with water and 

stored on boat. 

• The use of pumps to provide fluid flow are preferred in larger scale systems (as was also 

the case in the conventional methods research). 

• Water intake design from pond/lake noted as a potential solution to functions beyond just 

cleaning onboard herbicide application system (herbicide mixing/dilution, for instance). 

• Variable flow rates are preferred over constant. 

Function System Component Description

Store and support  system 

components
Boat

22 to 26 foot AlumaWeld Vessel

Equipped with Mercury Outboard 

Engines

Store fluid Chemical Tank
Two 100 gallon herbicide holding

tanks (200 gallon total capacity)

Provide fluid flow Displacement Pumps
Two independent pump and rate

control systems

Clean application system Hull Water Intake Through hull intake system

Direct fluid flow Discharge Hose Four 100 ft hoses, mounted on reel
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Figure 2.10: Dual herbicide holding tanks used with LittLine technology [1]. 

 

 

Figure 2.11: Aquatic vessel used with LittLine technology [1]. 

 

 Tormada 

The Tormada is a radio-controlled herbicide application system developed by Lake Restoration, 

Incorporated. The importance of the inclusion of the Tormada product is in the product’s scale. 

The Tormada RC boat (pictured in Figure 2.12) provided insights into the design of small scale 

herbicide application systems. 
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Figure 2.12: Tormada herbicide application boat manufactured by Lake Restoration, Inc [15]. 

 

As was done with the LittLine system, a decomposition of the major system functions and the 

physical components used to execute these functions are listed in Table 2.8 below. 

Table 2.8: Tormada physical components and intended functions [15]. 

 

Design conclusions generated from the functional decomposition of the Tormada system are as 

follows: 

• Proportionality of boat size and volumetric capacity of herbicide observed.  

• Mechanical system not required to disperse herbicide. 

Function System Component Description

Store and support  system 

components
Boat

RC boat 

(Length 32.5", Width 16.48", Height 

6.25", Weight 20 lb)

Store fluid Chemical Tank One gallon storage tank

Provide fluid flow Chemical Spout Uses gravitational potential energy

Provide varying fluid flow 

rates
Ball Valve Adjustable ball valve
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• Although manually operated via radio control, product operation more closely resembles 

that of the autonomous boat than other products detailed above. 

• No diluent required for application of herbicide, therefore mixing function not included. 

 Yamaha WaterStrider 

The Yamaha WaterStrider is an aquatic herbicide application system developed for use in weed 

and pest management of rice paddies. In an attempt to reduce rice cultivation costs by 40%, a 

directive imposed by the Japanese government, Yamaha created the WaterStrider to help with 

spraying herbicides. Figure 2.13 provides an illustration of the WaterStrider. 

 

Figure 2.13: Yamaha Water Strider developed for spraying herbicide for weed control in rice 

paddies [16]. 

 

Yamaha announced the WaterStrider product on March 15, 2017. At the date of writing, minimal 

information was available for how the WaterStrider completed specific functions, in particular the 

dispersal of the herbicide. From the information provided in [16], the system components were 

identified and described in Table 2.9. 
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Table 2.9: Physical components and intended functions for Yamaha WaterStrider [16]. 

 

In addition to the components listed in Table 2.9, a few other details are to be noted. Yamaha 

claims that the boat can operate in less than five centimeters of water. The boat, as is with the 

Tormada, is controlled with an RC device and does not navigate autonomously. Also, the Yamaha 

news release claims that the herbicide sprayer is located within the hull and the spreading of the 

chemical is facilitated by the wind generated by the rear air fan. 

Design conclusions generated from the functional decomposition of the Yamaha WaterStrider 

system are as follows: 

• Proportionality of boat size and volumetric capacity of herbicide observed. 

• Environmental constraints altering boat performance. Rice paddies tend to be shallow 

therefore providing the reasoning behind the five-centimeter operational requirement of 

the boat. Effective payload may have been affected due to environmental constraints. 

• Mixing of herbicide with diluent not apparent as necessary. 

 Preexisting Herbicide Dispersal Design Conclusions 

The research into the preexisting herbicide dispersal systems resulted in solution generation for 

the majority of the basic system functions as presented in Table 2.10. 

Function System Component Description

Store and support  system 

components
Boat

Fiberglass hull

(Length 5ft)

Store fluid Chemical Tank
2.11 gallon (8L) "cassette" storage 

tank

Direct fluid flow Chemical Sprayer Located within hull
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Table 2.10: Solutions generated from function decomposition of preexisting herbicide dispersal 

systems. 

 

Function solutions above were developed through researching product similarities, but these only 

represent initial designs. Multiple design iterations were completed to arrive at feasible, detailed 

design for this project. 

2.6. Research into Non-Aquatic Herbicide Dispersal Systems 

The second idea generation approach for the herbicide dispersal system was the consideration of 

chemical dispersal systems outside of those used in aquatic application. Identifying components 

from these other systems to accomplish the required functions of the herbicide dispersal system 

was the underlying principle of the design-analogy approach. After researching conventional 

methods and commercial systems, the mixing of herbicide and diluent function remained 

unresolved. As some of the researched systems did not require mixing of a diluent with the 

herbicide, it was unclear whether the dispersal system on the autonomous boat would actually 

require the function. To maintain the widest variety of options for design of the system, the mixing 

function was considered. 

Three alternatives were discovered. Chemical dilution systems, hose-end proportioners, and 

pressure washing systems all contain a mixing function within their system outline. Table 2.11 

provides illustrations and brief descriptions of the three researched systems. 

Function System Component

Store fluid

(Herbacide)
Chemical Tank

Provide fluid flow Displacement Pumps

Store fluid

(diluent)

Hull Water Intake

(Lake storage)

Direct fluid flow Hosing
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Table 2.11: Non-aquatic chemical dilution systems (chemical dilution system and hose-end 

proportioner figures from [17], pressure washing soap injection from [18]). 

 

Each system uses a component that utilizes the venturi effect. Figure 2.14 provides an illustration 

of a generic venturi tube where the “liquid” shown would represent the herbicide. 
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Figure 2.14: A liquid venturi system schematic [19]. 

 

In the figure, D represents the diameter of the venturi tube, Dt the diameter of the throat, Qw is the 

flow rate of water, and QL is the liquid injection rate. The venturi tube creates suction by altering 

the diameter of the tube that the water is flowing through. As the diameter decreases from D to Dt, 

the flow velocity of the water is dramatically increased, as the mass flow rate has to remain 

continuous. This rapid change in velocity injects the liquid into the water stream due to a reduced 

pressure within the throat of the venturi tube. At this point, the water and injected liquid are mixed 

as the liquid becomes dynamically entrained into the water. Finally, the diameter of the tube is 

increased back to D from Dt and the pressure within the mixed fluid is increased. This final pressure 

at the outlet of the venturi tube is at a lower pressure level than that of the inlet [19]. The outlet 

pressure is less than the inlet pressure due to the translation of some energy from the water flow 

to the chemical and frictional turbulence losses from the acceleration/deceleration of the water 

[18]. 

The significant design benefit of using the venturi tube is that it does not require additional energy 

outside of the pressure of the incoming water. The venturi effect will take place as long as a 

minimum pressure differential exists between the inlet and outlet of the apparatus. Venturi tubes 

require less than a 20% differential to initiate suction, making them highly efficient. [19] 

All three chemical dilution apparatuses, shown in Table 2.11, use water pressure to power the 

mixing of the chemical and water. The Waxie products (chemical dilution system and hose-end 

proportioner) use water pressure provided by municipal water lines. This type of water pressure 

would not be available in the autonomous boat application, so these solutions may not be 

applicable. Alternatively, pressure washer systems must generate their own water pressure to 

properly function. This concept of water pressure generation is more comparable to the herbicide 
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dispersal system design. Due to the increased similarities of the pressure washer system to the 

herbicide dispersal system, the pressure washer system was researched further.   

Chemical injection is accomplished in two different ways in a pressure washing system: upstream 

and downstream. Upstream and downstream injection differ by where they are located in relation 

to the pump. Upstream injection is chemical injection prior to the pump, therefore both water and 

chemical pass through the pump. Downstream injection occurs after the pump, therefore only 

water passes through the pump. The location of each type of injector is illustrated in Figure 2.15 

below. 

 

Figure 2.15: Power washer schematic including the location of the upstream and downstream 

injection components [18]. 

 

For this project, the downstream injector is the far more favorable alternative. Herbicides can be 

harsh chemicals, damaging the system components that they come in contact with. For this reason 

it is important to minimize the amount of system components that the herbicide will flow through; 

most importantly the pump. Injecting the herbicide after the pump will help to prevent degradation 

of the interior materials of the pump and also lessen the cleaning requirements of the pump. An 

example of a downstream injector is shown below in Figure 2.16. 
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Figure 2.16: A 1.8mm orifice pressure washer detergent injector from North Tool [20]. 

 

2.7. Herbicide Dispersal System Model 

With the inclusion of the downstream injector as a solution to the mixing diluent with chemical 

function, the initial design of the herbicide dispersal system was complete. An initial design 

solution was generated for each of the primary functions outlined in Section 2.4. The design 

solutions were developed using the design-by-analogy approach and represent functional solutions 

from a variety of similar products. Of particular note was the usage of the pond/lake as a diluent 

source (as used in the LittLine system), and the downstream injector (as used in pressure washing 

systems). Each design solution was then integrated. A functional-based representation was 

generated incorporating the design solutions and is shown in Figure 2.17.  
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Figure 2.17: Functional-based representation of herbicide dispersal system solutions. 
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With the design decision to use lake/pond water as a diluent, an addition system component has to 

be considered. Lakes and ponds can contain a variety of different objects including twigs, leaves, 

and sediment. Each of these items could potentially enter the system and cause component failure. 

It is common practice to filter water before allowing it to enter a pump. Filtration of both macro 

and microscopic particles is desired. Macroscopic (twigs, leaves) and microscopic particles (algae, 

sediment), which can negatively affect the performance of both the pump and the chemical 

injector, will be filtered out using a minimum 20 mesh in-line strainer (shown in Figure 2.18).  

 

Figure 2.18: Example of an in-line strainer from Cole-Palmer [21]. 

 

2.8. Component Selection 

 Pump Selection 

Sizing an adequate pump for the dispersal system was a vital part of the detailed design process. 

Choosing a pump that is too small will fail to meet satisfy minimum pressure requirements to push 

water through the system and provide an adequate amount of water pressure at the inlet of the 

injector. Choosing a pump that is too large results in a general waste in resources.  

To determine an appropriate pump for use with the dispersal system Bernoulli’ equation must be 

considered. Bernoulli’s equation, as documented in [22], is as follows: 

30 4 56
7 4 869:; 4 <� = 3= 4 5>

7 4 8>9:; 4 ?@, 2.4 

where Z represents the elevation point, P represents the pressure energy, V represents the velocity, 

Hp represents the equivalent head added to the liquid by the pump at A, and hf  represents the total 

frictional had losses between A and B. The position of points A and B in relation to the pump can 

be seen in Figure 2.19.  
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Figure 2.19: Schematic of the general set up used for the pump selection calculations. 

 

The water progression in Figure 2.19 can be described as such: water (at PA, ZA) starts at A with 

assumed 0 ft/s velocity, it enters the pump at B (now PB, ZB), exits the pump and enters the injector 

at C (PC, ZC), and then exits the system at D (PD, ZD). It is also noted that A0 = AB	, 30 = 3B , 3= =
3E . Also, the measures at A will be used as a datum for the calculations. 

Applying Equation 2.4 from points A and C, results in the following: 

<� = 3E 4 5F
7 4 8F9:; 4 ?@, 2.5 

The height of point C above the datum at A is calculated using the following equation: 

3� = GHI(# ((#�HJK/L�HIMLIN
�: , 2.6 

where each h represents the height of each corresponding component in inches.  

PC represents the required pressure measure at the inlet of the injector. Based on conversations 

with chemical injector manufacturers, the required pressure was assumed to be 60 psi. 

Manufacturers suggested that no chemical injector testing had been done at a pressure setting of 

less than 60 psi. Assuming that the system will operate at 2 gallons per min, VC (in ft/s) can be 

calculated using the following equation: 
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�� = O
P
Q-R

S91
9 ∗ �

TU 2.7 

where Q is the volumetric flow rate in gallons per minute and D is the inner diameter of the pipe 

in inches. 

To determine hf  the Darcy-Weisbach equation [22] was used: 

?@ = V W
B -89

:;1	, 2.8 

where f represents the Darcy friction factor, L is the pipe length (in inches), V is the velocity of the 

fluid, and g is the gravitational constant of acceleration (in ft/s2). 

To determine the Darcy friction factor, the Haaland equation was used to determine an initial value 

for f, and then the Colebrook equation was used iteratively to find a final value for f.  

The Haaland equation is as follows: 

�
X@ = −1.8�\] ^-_ B`a.b1

�.�� 4 T.c
d
e, 2.9 

where f is the relative roughness of the pipe and Re is the Reynolds number.  

The Reynolds number is calculated with: 

gh = 8B
i ∗ �

�:, 2.10 

where j is the kinematic viscosity (in ft2/s). 

Finally, the Colebrook equation is as follows: 

�
X@ = −2�\] ^ :.l�

d
X@ 4 -_ B`a.b:1e. 2.11 

Two types of tubing were used in the set up. The majority of tubing was a PVC blended rubber 

and the chemical injection tubing was PVC clear tubing. To complete these calculations the 

following measures were used for the required system tubing (Table 2.12). 
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Table 2.12: Tubing type and length used for pump calculations. 

 

Material properties for both pipe material and water are shown in Table 2.13. 

Table 2.13: Material and fluid properties for use in pump calculations. 

 

Calculations were carried out and are presented in Table 2.14 and Table 2.15. 

Table 2.14: Required parameters for determining the Darcy friction factor of the system. 

 

Connecting Material OD ID Length (in)

Lake to Pump 43

Pump to Injector 5

Injector to Lake 43

Injector to Tank 48

139Total Length (in)

Flexible 

Rubber

Tubing

0.8125 0.375
T

u
b

in
g

C
o

m
p

o
n

e
n

ts

0.006-0.07 mm 2.36E-04-2.76E-03 in

62.3 lb/ft3

1.05E-05 ft2/s

Specific Weight

Kinematic Viscosity

Material Properties

Flexible Rubber 

Tubing

Relative Roughness

Fluid Characteristics

Volumetric Flow Rate 2 gal/min

Fluid Velocity 5.806 ft/s

Reynolds Number 17247.635 Turbulent

1/sqrt(f) f

Halaand 5.9976 0.0278

5.9641 0.0281

5.9682 0.0281

D
e

si
g

n
 

P
a

ra
m

e
te

rs
F

ri
ct

io
n

 F
a

ct
o

r

Colebrook
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Table 2.15: Calculations for determining the pressure required from the pump at the injector inlet. 

 

From calculations in Table 2.15, the pressure output of the pump was found to be 62.4 psi. This 

solution included the assumption that the inlet pressure at the injector (Pc) had to be at least 60 psi 

and is the point in the system in which the pressure must be the greatest. It must be reiterated that 

the 60 psi at the injector inlet was made as a loose assumption and will be reviewed later in Section 

3.5. 

Based on the results of these calculations, a pump with a minimum operating pressure of 62 psi 

had to be selected. An 8000 series SHURflow industrial pump was purchased to accomplish the 

function of “provide fluid flow”. The pump has a maximum pressure switch off rating of 100 psi. 

Attaining a pump with such a high rating was important in making sure that it had appropriate 

clearance of the minimum requirements, and that if tubing lengths changed there was excess 

pressure available to be consumed. For instance, the in-line suction strainer (Figure 2.18) may add 

to the head losses of the system prior to the injector, both when it is clear of debris and when it is 

obstructed. 

2.9. Injector Selection 

Chemical injectors vary by the size of the orifice, the allowable volumetric flow rate, inlet and 

outlet inner diameters, and the maximum allowable pressure. Hydraflex is a company that develops 

chemical dilution solutions for industries such as vehicle washing and industrial cleaning. The 

company provides a variety of chemical injectors as shown in Table 2.16. Hydra-Flex literature 

was used as a major source for selecting an injector, as they have some of the best documentation 

of injector performance.  

Kinetic 0.523

Piping 1.881

Static 3.583

Total 5.988

Pressure Drop 340.438 lb/ft2

2.364

Pc 60

Hp 62.364

ft

psi
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Table 2.16: 3/8" NPT threaded injector listing  from Hydraflex, Inc [23]. 

 

A significant design specification of the injector is the size of the orifice. Operating pressures ramp 

up as the orifice becomes smaller, which may lead to an increase in power demand and motor amp 

draw [18]. As amperage is at a premium in this autonomous system, an undersized orifice will rob 

the system of power. Alternatively, an orifice that is too large may result in an insufficient pressure 

differential needed between the inlet and outlet of the injector [18]. In each injector, a check valve 

is installed. This valve consists of a ball and spring. The check valve is used to ensure that high-

pressure backflow does not build in the chemical line. If this backflow is generated, then water 

will pass into the chemical line, which is unwanted. Once the appropriate pressure differential is 

created, the check ball will lift off of the chemical line, allowing chemical to pass through. The 

insufficient differential created by an oversized orifice will fail to trigger this mechanism and no 

chemical will be drawn. In the next step of the detailed design it will be important to determine if 

the orifice sizing has been done properly. 
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Figure 2.20: The inner components of chemical injector. The check valve is a key component in 

ensuring proper performance of the injector [18]. 

 

A Northern Tool pressure washer detergent injector was chosen and purchased for the herbicide 

dispersal system. The injector is shown in Figure 2.16. The injector has adjustable control valve 

to vary the chemical draw, has a 1.8mm orifice for use up to 3.0 gpm, and is rated for up to 3500psi. 

Each product specification met at least the minimum requirements for this project. 

  



38 

 

 HERBICIDE DISPERSAL SYSTEM EXPERIMENTATION 

3.1. Introduction 

Several design strategies were used to develop and select the appropriate components for the 

herbicide dispersal system. The next step in the design process was to test the design to ensure that 

design decisions, performance assumptions, and component choices adequately satisfy design and 

functionality requirements. The experimental results provide evidence for system redesigns, 

component replacement, and will assist in defining functional parameters of the system to help 

with developing the control system to be implemented. 

Objectives of the experimentation were as follows: 

1. Ensure that pump, tubes, and fittings are compatible and system is sealed properly. 

2. Measure the pressure at the inlet and outlet of the injector. 

3. Measure the flow rate of chemical through the injector and into the system. 

4. Characterize the performance of the system based on power input and chemical draw 

output. 

5. Characterize the performance of the system based on the pressure at the inlet of the injector. 

6. Compare the results of characterization curves to herbicide treatment calculations from 

Section 2.3. 

3.2. Experimentation Components and Component Set-up 

The experimentation was performed in a controlled environment in the Fluids Lab at NCSU. The 

experiment required the following items: 

• Physical components 

o Fabricated herbicide dispersal system 

• Measuring devices 

o One marked 4-liter bucket 

o One 2-L graduated cylinder 

o Stopwatch 

• Storage components 

o Two 5 gallon buckets (one to store the chemical, one to receive the discharge) 
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o 10-gallon water reservoir 

• Power / Controllers 

o Gw Instek Sps-3610 Power Supply 

o Mission Planner software 

o FrSky Taranis X9D DTRS 

o PixHawk Flight Controller 

o Turnigy 30A Brushed ESC 

The setup of the experimental components is shown below in Figure 3.1. 

 

Figure 3.1: Physical configuration of experimental components. 

 

The method of progression of the system shown in Figure 3.1 began with the FrSky Taranis radio 

controller. As the position of the left input joystick is changed, the RC setting within Mission 

Planner is altered (within 1200 to 2000). The Mission Planner sends a signal to the PixHawk, 

which then sends a signal to the Brushed ESC that then provides an amperage from the power 

supply to the pump. 
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3.3. Experimental Procedure 

 

Figure 3.2: Experimental setup where 1: 10gal reservoir, 2: Inlet pressure of injector, 3: Chemical 

bucket, 4: Discharge bucket 

 

The steps of the experiment were as follows: 

1. Fill  with at least 5 gallons of cold water. 

2. Measure 4 liters of water and pour into . 

3. Ensure that  is completely empty. 

4. Activate the pump by changing the position of the joystick on the radio controller to the 

appropriate RC setting on the Mission Planner. 

5. Run the pump for approximately one minute recording the time. 

6. Document the pressure reading at . 

7. After a one minute run time, power the system down by moving the joystick to the 982 RC 

setting (off). Amperage on the power supply should read ~0.01-0.02 amps as the ESC 

draws a small amount of amperage. 

8. Measure the remaining water from  using the 2-liter graduated cylinder. 
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9. Measure the water contained in  using the 2-liter graduated cylinder. 

10. Repeat process for successive RC settings. 

3.4. Herbicide Dispersal System Experimental Calculations 

To determine the chemical draw rate in gallons minute, the following equation is used 

m�H
� = ∆8��JK/L
� ∗ 60 = ��8��JK/L�/#o��8��JK/L�$ "! %

� ∗ TU
a.bpl, 3.1 

where Volchem is the volume in chemical bucket ( ) in liters and t is the duration of the 

experiment in seconds. 

To determine the flow rate of the diluent in gallons per minute, the follow equation was used 

m�	�q
�� = 8��or$JK"!s/
� ∗ TU

a.bpl,  3.2 

where Voldischarge is the volume of water in the discharge bucket ( ) in liters and t is the duration 

of the experiment in seconds. 

To determine the total system flow rate in gallons per minute, the following equation was used 

m�t��
� = m�H
� 4 m�	�q
��. 3.3 
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3.5. Discussion of Experimental Results 

The experimental objectives were completed and the herbicide dispersal system functioned with 

no apparent faults. Experimental design was found to be appropriate and repeatable. Each of the 

figures in the results section provide important information on the performance aspects of the 

system. When the autonomous boat is finalized, the dispersal system will be controlled through 

the Mission Planner software. While in manual mode, the Mission Planner software gathers an RC 

setting from the FrSky Radio Controller. It is therefore important to understand the interaction 

between the RC setting in Mission Planner and the amperage draw enabled by the Turnigy Brushed 

ESC. This information will help in the control of power to the pump while the boat is deployed.  

From Figure 3.3 (shown below), it can be concluded that the relationship between the RC setting 

and amperage parameter is fairly linear. When the autonomous control system is implemented for 

the usage of the herbicide dispersal system, this linear relationship will be essential to 

parameterization and control of the system. 

 

Figure 3.3: Relationship between RC setting in Mission Planner and  

amperage draw of Turnigy Brushed ESC. 
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Figure 3.4 provides details on how the changes in RC setting within Mission Planner directly 

affects the chemical draw of the system. Each time the boat is used for herbicide dispersal, trip 

information (based on transect patterns, sizing of the body of water to be treated, etc) will change 

the required flow rate of the chemical. Relationships drawn from Figure 3.4 help the user to set up 

RC parameters within the Mission Planner software based on trip information. 

 

Figure 3.4: Relationship between the RC setting in Mission Planner with the chemical draw output 

of the system. 

 

Pump curve information can be difficult information to gather, as many manufacturers fail to 

include curves within their product’s documentation. This was the case with the SHURflo pump 

purchased for this project. In addition to pump curves being rarely available, pressure levels in 

specific sections of the system (ie at the inlet of the injector) are also not provided by the 

manufacturer.  
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Figure 3.5: Relationship between amperage and pressure at the inlet of the chemical injector. 

 

Figure 3.5 shows that a linear relationship exists between the amperage to the pump and the 

pressure measured at the inlet of the injector. A 9.95 psi gain is generated per 1 amp input to the 

pump. If other pumps are considered for the system in the future, this psi-gain parameter will be 

of interest in determining if the alternative pump provides more pressure for either an increased or 

decreased cost in amps. Although this information may not be available in the documentation 

accompanying the pump, it will be crucial to determine the psi-gain for the new pump for 

benchmarking purposes. Pumps with a smaller psi-gain per amp are less beneficial to the system 

since limited power is available from the battery. 

The pump selected for the dispersal system was made based on a set of assumptions, most 

importantly that the inlet pressure of the chemical injector had to be at a minimum of 60 psi for 

proper performance. This assumption, along with pressure losses from tubing friction and changes 

in the height of the fluid being pumped, led to the decision to choose a pump with a minimum 

pressure rating of approximately 62psi. Based on the availability of pumps from McMaster-Carr 

the 100psi rated pump was chosen.  
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Figure 3.6: Relationship between the pressure at the inlet of the chemical injector with the chemical 

draw output of the system. 

 

Figure 3.6 provides insight on the validity of the injector inlet pressure assumption of 60 psi. The 

system demonstrated appropriate performance between the pressures of 2.5 and 27.5 psi. In this 

pressure region, a linear relationship was observed. For every 1 psi increase in pressure there was 

a 0.017 gpm increase in chemical draw. Furthermore, at pressure readings above 27.5 psi, the 

chemical draw plateaued. This observation from the data presents enough evidence to conclude 

that an alternative pump should be considered and future experimentation should be performed. 

The herbicide treatment calculations from Section 2.3 were compared to the chemical draw reading 

of the experiment to determine the feasibility of the system design. The feasibility of design was 

based on the system’s ability to achieve the flow rates calculated in Section 2.3. Figure 3.7 and 

Figure 3.8 provide graphical information of the feasibility of the dispersal system for herbicide 

deployment within Option C and Option D transect patterns. Options A and B have smaller 

herbicide flow rate requirements. It can be assumed that if Option C can be accomplished, both 

Option A and B can as well. 
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Figure 3.7: Comparison of required herbicide flow rates for moderate application rates for transect 

patterns C and D at 1.2 ft/s boat travel speed. 

 

 

Figure 3.8: Comparison of required herbicide flow rates for moderate application rates for transect 

patterns C and D at 2.4 ft/s boat travel speed. 
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Figure 3.7 presents information on flow rate feasibility when the boat travels at 1.2 ft/s. Figure 3.8 

presents the same information, but for a boat travel speed of 2.4 ft/s. The rectangular shapes present 

on each figure represent the flow rate requirements of application rates in the moderate range (as 

shown previously in Table 2.6). Results show that at a moderate application rate (between 1 and 

1.8 gal/A-ft) and a travel speed of 1.2 ft/s, that the chemical draw of the system is adequate for 

both transect patterns. Moreover, both graphs show that the flow rate requirements lie on the 

portion of the curve that contains the linear relationship.  

At the 2.4 ft/s, the dispersal system fails to accommodate the upper portion of flow rate 

requirements. The system deficiency may be alleviated through the following solution. The plateau 

of flow rate occurring at approximately 30 psi limits the system’s ability to generate a sufficient 

flow rate for the upper application rates at 2.4 ft/s or greater speeds. This plateauing is due to the 

orifice size of the chemical injector. Once the pressure differential between the inlet and outlet 

reaches this 30 psi threshold, the change in flow rate should diminish. To determine the volumetric 

flow rate through an orifice the following equation can be applied 

m�H
� = u��	@v2 ∆5
w , 3.4 

where Qchem is the volumetric flow rate of the chemical, C is the orifice flow coefficient, Aorif is the 

cross-sectional area of the orifice, ∆A is the pressure differential across the orifice, and x is the 

density of the chemical. Taking the derivative of Equation 15 with respect to ∆A of yields 

�OJK/L
�∆5 = E0(!ry

w ∗ -2 ∆5
w 1�

S
9
 3.5 

Analyzing this equation, as ∆A increased, 
�OJK/L
�∆5  will decrease, assuming that all other values 

remain constant. Therefore, as the pressure at the injector inlet increases the change in flow rate 

at the injector orifice will decrease. After the 30 psi threshold, the gains in chemical draw lessen 

as pressure is increased. To increase this change in velocity, the orifice size should be increased. 

In Equation 3.5, the change in flow rate is directly proportional to orifice cross-sectional area. 

Implementation of an injector with a larger orifice should be tested within the system to provide 

support for the solution.  
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 BOAT ARCHITECTURE MODELING 

4.1. Introduction 

The first prototype was fabricated with the dimensions shown in Figure 4.1. The loads that the 

original pontoon was designed to support were a 30lb battery and an additional 15-20 lbs for the 

electronics and propeller. The boat adequately supported and operated under the initial loading 

condition as shown in Figure 4.2. 

 

Figure 4.1: Original prototype pontoon dimensions. 

 

 

Figure 4.2: Testing of the first prototype in Lake Raleigh. The depth at which the boat rests under 

the initial load can be seen on the watermark of the pontoon. 
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The inclusion of the herbicide dispersal system required an alteration of the system architecture 

associated with the original prototype. Architecture changes had to be made with regards to both 

the pontoon dimensions and the overall layout of the on-board components. To determine the 

effects of adding this feature to the boat, a model was created to calculate and predict boat 

hydrostatic measures and performance. Based on these calculations, changes to the boat 

architecture, as well as the physical configuration of components could be defined and 

implemented. 

4.2. Component Updates and Model Characteristics 

The evolution of the boat included more than just the addition of the herbicide dispersal system. 

The second iteration of the boat required a larger payload, which affected the sizing of the air 

propeller needed for boat propulsion. Consequently, the inclusion of a larger propeller necessitated 

a larger electric motor and, more importantly due to weight increases, a larger battery. 

Through boat testing, concerns about not completing a mission due to unobstructed failure modes 

arose. As a result, fail-safes were added, namely an additional battery was included. With this 

setup, both batteries were used to power the navigation, propulsion, and dispersal systems during 

normal operation. The fail-safe mechanism was designed to allow the boat to be fully functional 

using a single battery, if the other battery were to fail. 

Biran [24] describes two types of weight: lightweight and deadweight. Each of the components of 

the boat can be classified in one of these two categories. The lightweight represents the weight of 

the boat structure. This includes the hull and machinery masses. The lightweight is represented by 

the weight of the pontoons, batteries, propeller, azipod, chemical tank, pump, and electronics. The 

deadweight is defined as the sum of the cargo, fuel, passengers, provisions, etc. The deadweight 

is represented by the weight of the herbicide within the chemical tank.  

UPI suggested during a project assessment meeting that 15 gallons of herbicide would be an ideal 

amount to carry for the first market segment being considered. Other operational requirements 

defined by UPI, such as minimizing the number of operators and constraints of common transport 

techniques, provided direction for the development of the model for boat performance. Boat 

performance goals, in general, may include max speed, handling, acceleration, and stability. The 

autonomous boat was not reliant on max speed or acceleration constraints, as these performance 
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measures were not pertinent to the overall success of the boat. Instead, minimizing the size of the 

boat became of utmost importance. The minimization of size, along with a changing deadweight, 

required a focus on the flotation and stability of the boat. Through the use of hydrostatic theory, 

flotation and stability of the boat was modeled and compared to project requirements. It was vital 

to use the generated models to ensure that the boat would adequately support the new load and 

maintain stability throughout its operation. Architectural changes were then made based on the 

outcomes of the model analysis. 

4.3. Boat Hydrostatic Theory 

Biran [24] provides four basic assumptions when modeling and analyzing boat hydrostatics. To 

determine conditions of equilibrium and initial stability of floating bodies, the following 

assumptions have been made: 

1. the water is incompressible; 

2. viscosity plays no role; 

3. surface tension plays no role; 

4. the water surface is plane. 

Biran goes on to describe the exactness of each of the aforementioned assumptions. Assuming 

incompressibility reflects that there is no change in fluid density. In the range of depths that the 

boat operates, this assumption is essentially exact. The model details the boat in a static condition, 

allowing for the viscosity of the water to play no role. The size of the boat allows for the third 

assumption to be valid, as the surface tension forces are on a much smaller magnitude as compared 

to both gravity and buoyancy forces. 

Finally, the fourth assumption assumes that the water surface acts as a plane, which in reality is 

never true. The autonomous boat will never operate in a body of water that is completely flat, 

absent of waves. According to Biran, it is this assumption that allows for the derivation and 

calculation of essential properties of boats and other floating bodies. This assumption will be 

invoked to determine conditions of equilibrium and stability. 

Sections 4.3.1 and 4.3.2 provide descriptions of the model for designing and analyzing boat 

performance, based on the work of Biran. 
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 Conditions of Equilibrium of a Floating Body 

In Ship Hydrostatics and Stability, Biran describes two conditions that are true for floating bodies 

in equilibrium. Any body, floating or otherwise, is considered to be in equilibrium when the body 

is not subject to any accelerations. For a body to experience no acceleration, both the sum of the 

forces and the sum of the moments about the body must equal zero. When the sum of the forces 

are zero, the body faces no linear acceleration. Likewise, when the sum of the moments about a 

body are zero, the body faces no angular acceleration.  

Archimedes’ principle is used to describe the forces acting on a floating body. If a body floats 

freely, meaning it is not subjected to any external force, it can be said that the weight of the floating 

body (caused by gravity) and the hydrostatic force (provided by the water the body is submersed 

in) are in equilibrium. Biran describes Archimedes’ principle as follows: the weight of the volume 

of water displaced by a floating body is equal to the weight of that body. Translated into a 

mathematic equation, the result is as follows 

∆z= {, 4.1 

where ∆z is the weight of the displaced fluid and W is the weight of the floating body.  

Archimedes’ principle is useful in determining two important measures with regards to boats. The 

first measure is the volume of the displaced fluid, also referred to as displacement (∇). The second 

measure is the draught. Draught (T) represents the distance between the lowest point of the hull 

(pontoon in this case) to the waterline. Figure 4.3 provides an illustration of both draught and 

displacement. Both measures are extensions of Archimedes’ principle as shown in Section 5.4.1. 

 

Figure 4.3: Schematic of single pontoon with dimensions, draught (T), and displacement (|). 
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 Stability 

Stability is a fundamental concept of boat design. Failing to consider and design for proper stability 

can lead to insufficient performance, or loss of the boat entirely. Stability explains the reaction of 

a boat in equilibrium to an outside moment or force. These outside forces cause the boat to change 

its position.  

A boat may heel and/or trim, depending on the location of the outside force and moment. Heel is 

an inclination of the boat on the port or starboard side and is shown in Figure 4.4. Trim is 

considered any static inclination of the boat at the bow or stern and is shown in Figure 4.5. 

 

Figure 4.4: Illustration of boat heeling (transverse). 

 

 

Figure 4.5: Illustration of trim/pitch. Boat shown pitching aft. (longitudinal) 
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Heel and trim represent the movements of the boat under an outside force or moment. After this 

initial reaction, stability is defined. Three equilibrium conditions exist with regards to stability, as 

explained in [24]. When perturbed by an outside force or moment: 

1. Stable: a boat is considered in a state of stable equilibrium when it returns to its initial 

position. 

2. Unstable: a boat is considered in a state of unstable equilibrium when its position 

continues to change. 

3. Neutral: a boat is considered in a state of neutral equilibrium when it remains in this new 

position until another perturbation arises. 

To determine a boat’s condition of initial stability, the metacenter is considered. The metacenter 

is located at the intersection of the line of action of the buoyancy force and the dot-point line. The 

dot-point line is the vertical line connecting the center of gravity and center of buoyancy before 

heeling or trimming. After the outside force or moment acts on the boat, heeling and trimming 

occurs. As the boat heels/trims, the displacement volume changes and the location of the center of 

buoyancy is altered. The change in the center of buoyancy creates a new location for the 

metacenter. Figure 4.6 provides an illustration of the location and idea of the metacenter. 

 

Figure 4.6: Illustration of locations of the condition of initial stability, where a) initial position, b) 

stable condition, c) unstable condition. 
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It is the new location of the metacenter that determines the stability of the boat design. If the 

metacenter is located above the center of gravity, the boat is considered to be stable. The moments 

created by the centers of gravity and buoyancy will right the boat, returning it to its original 

position of stable equilibrium. The boat design is considered unstable if the metacenter lies below 

the center of gravity. The moment created will force the boat to continue heeling/trimming. 

An important take away of the condition of initial stability is that once the center of gravity is 

defined, the changing position of the center of buoyancy drives the analysis of stability. 

Furthermore, the center of buoyancy is determined based on the shape of the hull, as explained 

further in Section 4.4.3. Changing the design of the boat can help immensely with the stability of 

the boat. 

4.4. Physical Model Description 

The physical model of the pontoons and the on-board components was developed based on the 

calculation of three centers: gravity, buoyancy, and flotation. Each center helped to drive the 

design of the physical model to be analyzed. The effects of each calculation on the physical model 

are described below. 

 Cartesian Coordinate System 

A coordinate system was defined to perform geometrical calculations with regards to the boat. 

Each location relied heavily on the use of a coordinate system with a specified origin. The boat 

was modeled in three dimensions, namely x, y, and z. As shown in Figure 4.7, the origin of the 

system lies at the bottom-left corner of the left most pontoon. The x-coordinate is 0 at the starboard 

side, and extends into the positive direction as it tends toward the port side. The y-axis is 0 at the 

bow and extends into the positive direction as it tends toward the stern. The z-axis is 0 at the bottom 

of the pontoon and extends into the positive direction as it tends toward the top of the pontoon.  
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Figure 4.7: Coordinate plane used for modeling and calculations. 

 

The choice of this coordinate plane was made to eliminate the use of negative coordinate values 

within the model. Any point on the boat can be defined with all positive coordinates. Alternative 

coordinate systems are suggested in [24], varying the location of the origin to other locations such 

as the center of gravity or within the midship section. 

 Center of Gravity 

Each component (pump, chemical tank, battery, etc.) to be used on the boat varies in both shape, 

size, and material composition. Determining the center of gravity of each component, based on its 

complex form and varying subcomponent material densities, can be very difficult. To alleviate this 

difficulty, each component has been modeled as a rectangular prism based on its actual 

dimensions. Further the material density is assumed to be constant. The center of gravity of each 

component can then easily be determined as shown in two dimensions in Figure 4.8. 

 

Figure 4.8: Center of gravity calculation of a component modeled as a rectangle. 
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 Center of Buoyancy 

The center of buoyancy is the point in which the line of action of the buoyancy force acts on a 

ship’s hull. Its location is important in determining conditions of equilibrium and stability. To 

determine the location of the center of buoyancy, the centroid of the displaced volume of liquid is 

found. The general form of the equation to determine the location of this centroid CB (in a two-

dimensional plane) is as follows 

u= = } ~�@�~��;�~���~'"
} �@�~��;�~����'"

, 4.2 

where f(x) is a function representing the waterline and g(x) represents a function describing the 

hull form. To apply this general formula, an explicit definition of the hull form must be determined 

[24]. The explicit definition of the hull form is not always easily attained or known at all.  

 

Figure 4.9: Three examples of two-dimensional pontoon shapes, each requiring different functions 

to model hull form. 

 

For calculations of the center of buoyancy using u= = } ~�@�~��;�~���~'"
} �@�~��;�~����'"

,4.2u= =
} ~�@�~��;�~���~'"
} �@�~��;�~����'"

, 4.2, the use of a simplified shape has been applied to represent the hull form. 

The hull form is assumed to be a rectangular prism. As shown in Figure 4.9, the rectangular prism 

assumption allows for the use of a more simplified hull form function as opposed to the others 

which require more complex hull form functions. This assumption allows the volume of liquid 

displaced to be modeled as a trapezoid (or rectangle), as shown in Figure 4.10. In addition, the 

rectangular prism assumption allows for non-integration techniques to be used as an alternative. 
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Figure 4.10: Graphical representation of water displacement area formed under the rectangular 

prism pontoon assumption. 

 

 Center of Flotation 

The waterplane is defined as the plane in which the boat intersects the water. The centroid of this 

waterplane area is called the center of flotation [24]. A waterplane that is changing in size and area 

will have a center of flotation that constantly changes position (as demonstrated in Figure 4.11b). 

The assumption about the shape of the pontoon made in the previous sections helps to simplify the 

approach to locating the center of flotation. Figure 4.11a shows how the center of flotation will 

remain in the same position, regardless of the orientation of the waterplane (assuming that both 

sides of the pontoon are at least partially submerged). The center of flotation is an important 

measure in calculating the trimming/heeling angle of the boat under load. A consistent location, 

regardless of waterplane orientation, makes the process to determine the trimming/heeling angle 

much simpler and straightforward. 



58 

 

 

Figure 4.11: Waterplane lines (blue) and resulting centers of flotation for a uniform (a) and non-

uniform (b) pontoon shape. The red lines intersect waterline to create the respective centers of 

flotation. 
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 IMPROVEMENTS TO BOAT ARCHITECTURE 

5.1. Introduction 

Chapter 4 provided the basis for modeling the boat in terms of important hydrostatic concepts. 

Assumptions made about pontoon shape and how each of the on-board components were to be 

modeled, facilitated the measure of the centers of gravity and buoyancy. These measures serve to 

be fundamental in modeling and quantifying boat performance. These quantifications can then be 

compared to project requirements to determine effectiveness of design. 

Two major architectural characteristics were used to update the first prototype with the new 

deadweight payloads brought about by the inclusion of the herbicide dispersal system. The 

pontoon dimensions/layout and the placement of on-board components represented the design 

variables that were used to improve the first prototype. Changes within each variable help to 

improve the boat’s performance in three different hydrostatic measures: draught, initial 

equilibrium position, and initial stability. 

To improve the architectural characteristics of note, a design model was developed. The model 

objectives, inputs, and the mathematical processes behind the model are described below. 

5.2.  Design Objectives 

The design objectives to implement modifications to improve the first prototype based on the 

addition of the new components were defined as follows: 

1. Determine new pontoon dimensions to limit the draught to less than 50% of the pontoon 

height by altering: 

a. Pontoon height 

b. Pontoon width 

c. Pontoon length 

2. Determine the placements to satisfy either: 

a. Minimizing the change in the location of the center of gravity of the boat when the 

chemical tank is empty and when it is full (akin to robust design). 

b. The location of the center of gravity lies at the center of flotation when the chemical 

tank is either empty or full. 



60 

 

3. Determine if the placements from objective 2 represent a feasible solution by making an 

approximation of the angle of trim/heel. 

a. Validate the angle approximations 

5.3. Model Inputs 

To complete the objectives listed above, physical characteristics of the pontoons, components, 

water, and Aquathol-K herbicide were researched. These characteristics are shown in Table 5.1 

through Table 5.3 below. 

Table 5.1: Dimensions of first autonomous boat prototype. 

 

Table 5.2: List of components and component dimensions used on the new boat design. 

 

 

Dimension ft

Width (x) 0.479

Height (z) 0.854

Length (y) 4.000

Pontoon Spread (Ps) 1.542

Pontoon Density (lb/ft
3
) 2

Pontoon Volume (ft
3
) 3.274

Pontoon Area (ft
2
) (x-y) 3.833

Weight (Unloaded) (lb) 6.549

Pontoon Dimensions

Volume/Mass Density

Component Weight (lb) Height-z (ft) Length-y (ft) Width-x (ft)

PowerSonic Model 

PS12400NB

(Battery)

50 0.558 0.54 0.65

GNC 5 0.750 1.02 1.51

Chemical Tank 5 1.063 2.83 1.17

Propellor 10 1.750 1.00 1.42

Pump 6 0.292 0.29 0.63

PowerSonic Model 

PS12400NB

(Battery)

50 0.558 0.54 0.65

Total 126 6.23
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Table 5.3: Material density for Aquathol-K [8], freshwater [25], and polyurethane [26]. 

 

 

5.4. Architecture Improvements with Regards to Draught 

The original design (from Figure 1.1and Figure 4.1), under new lightweight/deadweight 

conditions, would fail to meet the percent submerged requirement for any herbicide amount, as 

shown in Table 5.4. Also shown in the table, is the amount of herbicide the original boat could 

carry before the pontoons would be completely submerged. Herbicide amounts beyond 6.25 

gallons would put the first prototype boat into an inoperable condition. 

Table 5.4: Draught and % submerged data for first prototype architecture under new 

lightweight/deadweight conditions. 

 

Significant changes to the pontoon dimensions of the first prototype were required to meet 

project goals. 

80.22

62.3

2

Aquathol-K

Freshwater

AeroMarine Polyurethane

Material Density (lb/ft
3
)

Herbicide Amount (gal) Draught (ft) % Submerged

0 0.555 65%

1.25 0.611 72%

2.5 0.667 78%

3.75 0.723 85%

5 0.779 91%

6.25 0.836 98%

7.5 0.892 104%

8.75 0.948 111%

10 1.004 118%

11.25 1.060 124%

12.5 1.116 131%

13.75 1.172 137%

15 1.228 144%
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 Model Solving Process 

Figure 5.1 presents the solving process used within the chapter. Within the figure, the process to 

determine the submersion percentage of the pontoons is noted in red. Model inputs regarding 

weights of components and the pontoons were used along with hydrostatic theory from [24], to 

determine the draught. Important to determining the draught was the pontoon dimensions, which 

represented the major variable for the solving process. 

 

Figure 5.1: Flow chart for solving process to determine feasibility based on trim angle (blue) and 

submerge percentage (red). 

 

The basis of the alterations to the pontoon dimensioning was in the percentage of the pontoon 

submerged under the full deadweight load (15 gallons of herbicide). The individual placement of 

the on-board components was not taken into account for this calculation. Rather, only the sum of 
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the lightweight and deadweight acting at the center of gravity of the unloaded boat was used. 

Extending Archimedes’ principle (Equation 4.1), the displacement (∇� and draught (T) can be 

found from the following equations 

∇= ∑ {	�	�� /�	, 5.1 

� = ∑ {	/�γC�����	�� . 5.2 

where � is the specific gravity of the water (in lb/ft3), CB is the block coefficient, L is the length 

of the pontoon, and B is the summed width of the two pontoons in ft [24]. Based on the 

assumption that the pontoons are modeled as rectangular prisms, the block coefficient is 1. 

Furthermore, to determine the percent of pontoon submerged, the following equation was used 

%�q+�
�;
� = �
� 5.3 

where H is the height of the pontoon in ft. The percent submerged represents the first major 

objective of the first model. 

Based on this data, the 50% submersion requirement was developed and the pontoon architecture 

was altered accordingly. The choice of the 50% requirement allowed the boat to support the 

payload in a sufficient position with respect to the water. Also, the requirement provides a factor 

of safety in which the boat can operate. If additional herbicide is added or other components are 

required, the designed pontoons can potentially support the new component placement.  

Two solving strategies were used to determine designs satisfying the 50% or less pontoon 

submersion at full payload requirement. First, if the original length of the pontoons was to be 

maintained, the pontoon height and/or width were to be changed accordingly. The second 

strategy used was determining a minimum pontoon length to accommodate each on-board 

component. The idea was to sum the total length of the on-board components (the y components 

from Table 5.2). This sum resulted in a minimum pontoon length of 6.229 ft. As was done in the 

first strategy, the pontoon width and/or height were changed accordingly.  
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 Pontoon Design Results 

Results using the initial design strategy are shown below on the left side of Table 5.5. The 

change in only width would result in the same 200% increase as the change in only height. 

Results based on the new pontoon length dimension of 6.229 ft, are also provided below, on the 

right side of the table. 

Table 5.5: Dimensional changes to pontoons based on 50% or less submersion at full payload (15 

gallons of herbicide). 

 

Based on the results of this study, the pontoon architecture was changed to accommodate the 

new components and herbicide capacity. The final dimensions are shown below in Table 5.6 and 

Table 5.7. Decision making, with regards to the final pontoon architecture, was derived from the 

results of the lengthened pontoons. Measures were reduced/extended to nominal measurements 

for purposes of fabrication. 

Table 5.6: Final pontoon architecture design changes. 

 

Original Parameter Change in Height % Change Change in Width % Change

0.479 Width 0.479 - 0.924 93%

0.854 Height 2.566 200% 0.854 -

4.000 Length 4.000 - 6.229 56%

Parameter Change Height/Width % Change Change Height/Width % Change

Width 0.831 73% 0.666 39%

Height 1.481 73% 1.186 54%

Length 4.000 - 6.229 56%

*All reported dimensions in feet

Based on Minimum Length for ComponentsBased on Original Architecture

Parameter Original Final Design % Change

Width 0.479 0.833 74%

Height 0.854 1.000 17%

Length 4.000 6.500 63%

*All reported dimensions in feet
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Table 5.7: Submersion percentages of the update boat design at varying herbicide amounts. 

 

Figure 5.2 provides an illustration of the changes in pontoon architecture through this design 

phase. The ample increase in scale can be observed and the effects that the inclusion of the 

herbicide dispersal system are very apparent. At 15 gallons, Aquathol-K weighs approximately 

160 pounds. This increase in deadweight, in addition to a lightweight increase of between 70-80 

lb due to battery upsizing and the inclusion of the pump and chemical tank, had significant 

effects on the architecture of the boat. 

 

 

Figure 5.2: Photograph of newly dimensioned pontoon in comparison to the original. Pontoon 

length increased by 63%. 

 

Herbicide Amount (gal) Draught (ft) % Submerged

0 0.219 22%

1.25 0.239 24%

2.5 0.258 26%

3.75 0.278 28%

5 0.298 30%

6.25 0.318 32%

7.5 0.338 34%

8.75 0.358 36%

10 0.378 38%

11.25 0.397 40%

12.5 0.417 42%

13.75 0.437 44%

15 0.457 46%
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5.5. Component Placement to Improve Initial Equilibrium Position 

With the new pontoon dimensions updated to allow for the required draught measures, the 

placement of the on-board components must be analyzed and improved. The arrangement of the 

on-board components has a significant effect on how the boat performs. A change in the placement 

of the components will alter the location of the boat’s total center of gravity when fully loaded. 

This change in center of gravity will cause the boat to change its position in the water. Center of 

gravity locations that are on the bow side of the center of flotation will cause the boat to pitch 

forward. Alternatively, locations on the stern side will cause the boat to pitch aft.  

Designing around the total center of gravity becomes difficult due to the boat’s changing 

deadweight. The initial deadweight is in the 15 gallons (160lbs) of herbicide. As the boat disperses 

the herbicide, this deadweight is constantly reducing. A constantly changing deadweight means 

that the center of gravity is changing as well. A component placement must then be designed to 

accommodate a changing deadweight, as it directly affects the initial equilibrium position of the 

boat. It is in this position that the boat will operate. 

 Design and Solving Process 

Referring back to Figure 5.1, the solving process for determining the boat’s initial equilibrium 

position is shown on the left, in blue. Several measures are involved in this determination including 

center of gravity locations of the following loads: components, unloaded boat, lightweight, and 

total (lightweight and deadweight). 

The component model assumption of Section 4.4.2, defined the center of gravity of each individual 

component. The location of the center of gravity for a multi-component system was determined 

within the x coordinate using the following equation 

u~ =	∑ �r~r#r�S∑ �r#r�S , ( 1 ) 

where i is the set of n components, Wi is the weight of the ith component (in lb), and xi is the 

distance from the datum to the centroid of the ith component. This format was also used for the y 

and z coordinates. Each axis (x, y, z) was chosen as the datum for defining centroid locations in 

their respective coordinates resulting in the center of gravity for the entire system denoted as: 
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u����� = Gu~, ut , u�N�����. With the system’s center of gravity defined, the initial equilibrium 

position can be found by determining the boat’s trim angle.  

Stevin’s law provided the second condition of equilibrium, as explained in Section 4.3.1. To 

determine where the waterline intersects the pontoons, the location of the center of buoyancy had 

to be found. The orientation of the waterline can then be used to determine the angle of trim of the 

boat. As mentioned before, the action lines of the gravitational and buoyancy force (through the 

centers of gravity and buoyancy, respectively) when the boat is in equilibrium should be exactly 

opposite in direction. If the waterline is drawn horizontally, then the centers are positioned exactly 

vertical to one another. In addition, the lines of action of both gravitational and buoyancy forces 

should act perpendicular to the waterline. 

The y and z coordinates of the center of buoyancy are unknown (when considering only the 

longitudinal direction), as well as the orientation of the waterline. The orientation of the waterline 

can be defined as the distance from the bottom of the pontoon to the points in which the waterline 

intersects the sides of the pontoon (Figure 5.3c). Both the location of the center of buoyancy and 

the waterline orientation are dependent on one another. As the waterline changes orientation, a 

new displacement volume is created, and therefore a new location of the center of buoyancy is 

determined; and vice versa.  

As a main objective of this design model was to assess the initial feasibility of the proposed 

component placement, based on its position of initial equilibrium, a relaxation of Stevin’s law has 

been implemented. This relaxation is conveyed in two parts. The first is an assumption that the 

center of buoyancy will act in a location that is at the exact y-coordinate of the center of gravity 

(coplanar with regards to the x-z plane). This assumption is illustrated in Figure 5.3b below. It 

should be noted that this assumption is made without consideration of the orientation of the 

waterline. Consequences of this assumption are noted as the second part of the relaxation of 

Stevin’s law, detailed later. 
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Figure 5.3: Depiction of the process to determine center of buoyancy locating and waterline 

orientation for the pontoon. Not pictured are the on-board components. 

 

From this location of the center of buoyancy, the waterline orientation is then developed using two 

equations. The trapezoid (or rectangle) formed by the intersection of the waterline and the pontoon 

(as pictured in Figure 5.3c), must be of a volume equal to the volume of the water displaced by the 

total weight of the boat.  

∇z= �
: � 4 ���{, 5.4 

where A and B are the legs of the trapezoid (or rectangle) in ft. As A and B represent unknowns, a 

second equation is required. The center of buoyancy is located at the centroid of the water volume 

displaced by the boat. The following equation determines the location of the y-coordinate of the 

trapezoidal centroid 

ut = W
: 4 W

T
�0�=�
�0�=�. 5.5 

From Equations 5.4 and 5.5, the leg lengths of the trapezoid (A,B) were found using the following 

equations 
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� = 6-E�W − �
:1,  5.6 

� = −∇z ∗ ���
W� , 5.7 

 = 2 ∗ ∇�
W� − �, 5.8 

where M represents an intermediate variable used to facilitate the solving process for A and B. 

Figure 5.4 provides the final outcomes of Equations 5.7 and 5.8. The orientation of the waterline 

is now defined, along with the location of the center of buoyancy. It is reminded here that the 

center of buoyancy changes based on the location of the center of gravity. The center of gravity 

changes based on the component placements on-board the boat.  

 

Figure 5.4: Final outcome of first model process for waterline orientation. 

 

Finally, the trimming angle was determined (as shown in Figure 5.5 below) using the following 

equation 

� = tan�� � �
S
9W
�, 5.9 

where c is the length shown in Figure 5.5. 
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Figure 5.5: Determination of the trimming angle for assessing general feasibility of selected 

component placement. 

 

Also in Figure 5.4, the second part of the relaxation of Stevin’s law is illustrated. Within the 

outcome of the design model, the line of action of the gravitational and buoyancy forces will fail 

to act in a direction exactly opposite of one another, resulting in an erred trimming angle. This 

consequence is noted, and although it is present within the outcome of the model, the model’s 

ability to accomplish the second major objective (determining general feasibility of on-board 

component placement based on the initial equilibrium position) is not adversely affected. General 

feasibility of a design is based on the magnitude of the trimming angle found.  

Along with the process detailed above, Excel Solver was used to make improvements to the design 

architecture based on design constraints; namely pontoon dimensions and component placements. 

To use the Excel Solver to determine pontoon dimensions and component placements, specific 

objective functions were designed and implemented. This process was designed to provide 

multiple solutions to dimensioning and configuring the on-board components. 

An optimization formulation of the design problem was used. Optimization algorithms within 

Excel Solver were used to determine feasible placements of the components. Detailed below are 

the unique formulations used for solving.  

The set of variables for the problem formulation are defined as the y-coordinate of the front of 

each component. For example, when y coordinate of the component is zero, the front of the 

component lies at the front of pontoon. The x and z coordinates of each component remain 

unchanged in this formulation. The initial location of each component was at �	 = 0. 
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A list of constraints were used in each formulation and are as follows: 

a. Each component must lie within the bounds of the boat  

b. The center of gravity for all herbicide payloads must lie on the stern side of the center of 

flotation This ensures that the boat will never pitch forward, as pitching aft preferred. 

Pitching aft is preferred so as to keep oncoming water from moving over the bow of the 

boat. This design goal will help to protect on-board equipment from oncoming water. 

c. The propeller should be generally located towards the rear of the boat 

d. The pump location is fixed with regards to the chemical tank. 

A formal optimization was then generated as follows: 

Minimize: � = Gut,�	;�� − 3.25N:** 5.10 

����h��	�\: 
1� − �	 ≤ 0 

2�	�	 ≤ 6.5 

3�	3.25 − ut,¢	;�� ≤ 0 

4�	5 − �����
��
� ≤ 0 

**m gal represents the number of gallons used in the design optimization 

The objective function used in the optimization reflects the location of the center of gravity of the 

entire boat (lightweight and deadweight). Two approaches for the final location of the center of 

gravity were taken. The first is the location of the center of gravity of the boat when the chemical 

tank is empty �ut,U;���. The second is the location when the chemical tank is full �ut,�l;���. Both 

scenarios were designed so that the resulting centers of gravity lie at the same location as the center 

of flotation. When these centers coincide, the boat will have an initial equilibrium position that is 

exactly horizontal in the water (0o trim angle). 
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The main objective of the design model was to determine placements that meet general feasibility 

requirements. The pontoons shall not, under any circumstances, be under the water’s surface. This 

requirement means that the trimming angle may not be greater than the following: 

��0¤ = tan�� ���
U.lW . 5.11 

This equation stems from Equation 5.11, when � = < − �. When this is true for c, the pitched end 

of the boat will be even with the water surface. Table 5.8 provides the trimming angles necessary 

for feasibility at the various herbicide amounts. 

Table 5.8: Maximum feasible trimming angles for herbicide amounts. 

 

 

 Design Scenarios and Results 

For each scenario considered below, a formulation table has been presented. These tables provide 

the objective function used and any changes to the original constraints and variables. Also provided 

is a schematic of the resulting component placement. 

Scenario 1: Boat level at full payload (15 gallons of herbicide) 

The first scenario allowed all components, except for the pump which was dependent on the 

location of the chemical tank), to be moved freely. The objective function was based on the boat 

Herbicide 

Amount (gal)
 Dra/ Height (/) θmax

0 0.219 10.708

1.25 0.239 10.369

2.5 0.258 10.030

3.75 0.278 9.691

5 0.298 9.350

6.25 0.318 9.009

7.5 0.338 8.668

8.75 0.358 8.325

10 0.378 7.982

11.25 0.397 7.639

12.5 0.417 7.295

13.75 0.437 6.950

15 0.457 6.605
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being floating at max payload. The formulation used for Scenario 1 is shown below in Table 5.9. 

Resulting component locations are shown in Table 5.10. 

Table 5.9: Formulation for first solving scenario. 

 

Table 5.10: Optimization solution for Scenario 1. 

 

 

Figure 5.6: Component-boat schematic for solution to Scenario 1. 

 

Objective Function F = (Cy,15 gal -3.25)
2

Constraints Same as original

Variables

y1: position of battery 1

y2: position of GNC

y3: position of chemical tank

y4: position of propeller

y5: position of battery 2

Scenario 1

Front Back

3.200 3.742

0.320 1.341

1.639 4.472

5.500 6.500

2.239 2.530

3.200 3.742

Position (y)
Component

Battery 2

Battery

Guidance, Navigation, & Control

Chemical Tank

Propellor

Pump
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Table 5.11: Center of gravity locations and trimming angles for herbicide payload amounts. 

 

Scenario 1 provided relevant insights into component placement design. From the schematic 

shown in Figure 5.6, the optimization pushed the propeller to the end of the boat, centered the 

chemical tank and batteries around the center of flotation at � = 3.25, and moved the electronics 

(GNC) to the front of the boat. The batteries and herbicide represent a large percentage of the 

component weight and the final location of each of these have a large effect on the center of gravity. 

The maximum trimming angle occurred when the chemical tank was empty (0 gallons of 

herbicide). 

Assessing the feasibility of this design, the trimming angles are within appropriate levels as 

compared to those provided in Table 5.8. The infeasible characteristic of the design solution for 

Scenario 1 is that the batteries cannot be situated in the resulting fashion. As shown, the batteries 

would have to lie exactly together, and within the chemical tank. From this result, feasibility could 

be reached by turning the batteries 90 degrees, and placing them side by side (symmetric about the 

central axis of the boat. Also the batteries may be placed under or above the chemical tank. 

Although placing the batteries below the boat would cause accessibility issues for future batter 

maintenance, and placing them above will have an effect on the location of the center of gravity 

as now there will be two 50 batteries located at an elevated distance from the surface.  

Scenario 2: Boat level at 100% payload (15 gallons of herbicide) and Battery fixed to propeller 

Project researchers wanted to implement a design in which the second battery was paired with the 

propeller. For the second scenario, this design concept was applied and tested, altering the 

Herbicide 

Amount (gal)

CoG y 

(ft)

Trim Angle

 (deg)

0 3.462 0.755

1.25 3.428 0.692

2.5 3.400 0.629

3.75 3.375 0.566

5 3.354 0.503

6.25 3.335 0.440

7.5 3.319 0.378

8.75 3.304 0.315

10 3.291 0.252

11.25 3.279 0.189

12.5 3.269 0.126

13.75 3.259 0.063

15 3.250 0.000
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variables used. The second battery location was considered to be dependent on the propeller 

location, and was dropped as a variable.  

Table 5.12: Formulation for second solving scenario. 

 

Table 5.13: Optimization solution for Scenario 2. 

 

 

Figure 5.7: Component-boat schematic for solution to Scenario 2. 

 

Objective Function F = (Cy,15 gal -3.25)
2

Constraints
Battery 2 and Propeller 

combined 

Variables

y1: position of battery 1

y2: position of GNC

y3: position of chemical tank

y4: position of propeller

Scenario 2

Front Back

0.927 1.469

0.093 1.114

1.571 4.404

5.500 6.500

2.171 2.462

5.729 6.271

Position (y)
Component

Battery 2

Battery

Guidance, Navigation, & Control

Chemical Tank

Propellor

Pump
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Table 5.14: Center of gravity locations and trimming angles for herbicide payload amounts. 

 

With the propeller and battery placement linked, the optimization resulted in a very different 

placement. The propeller was still placed at the rear of the boat and the chemical tank was still 

situated roughly about the center of flotation. What ultimately differed was the location of the 

other battery; it was placed closer to the front of the boat. 

Feasibility was noted in the resulting trimming angles. No trimming angle was beyond the 

maximum allowed for the respective herbicide amounts. Component location feasibility was not 

satisfied, due to the locations of the electronics (GNC) and the front battery. Slight adjustments of 

these component locations would have to be made for this design to be implemented. Also noted 

is the amount of unused space between the pump and the propeller. Ideally, it is preferred that the 

unused space be less concentrated and more evenly distributed. 

Scenario 3: Boat level at 0% payload (0 gallons of herbicide) and battery fixed to propeller 

Formulation for the third scenario mirrored that of the second with regards to constraints and 

variables. The objective function was changed to convey the boat being level when the chemical 

tank was empty. Scenario formulation and results can be seen in Table 5.15 and Table 5.16, 

respectively. 

Herbicide 

Amount (gal)

CoG y 

(ft)

Trim Angle

 (deg)

0 3.536 1.018

1.25 3.490 0.933

2.5 3.452 0.849

3.75 3.419 0.764

5 3.390 0.679

6.25 3.365 0.594

7.5 3.343 0.509

8.75 3.323 0.424

10 3.305 0.339

11.25 3.289 0.255

12.5 3.275 0.170

13.75 3.262 0.085

15 3.250 0.000
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Table 5.15: Formulation for Scenario 3. 

 

Table 5.16: Optimization solution for Scenario 3. 

 

 

 

Figure 5.8: Component-boat schematic for solution to Scenario 3. 

 

Objective Function F = (Cy,0 gal -3.25)
2

Constraints
Battery 2 and Propeller 

combined 

Variables

y1: position of battery 1

y2: position of GNC

y3: position of chemical tank

y4: position of propeller

Scenario 3

Front Back

0.000 0.542

0.032 1.053

1.972 4.805

5.500 6.500

2.572 2.863

5.729 6.271

Position (y)
Component

Battery 2

Battery

Guidance, Navigation, & Control

Chemical Tank

Propellor

Pump
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Table 5.17: Center of gravity locations and trimming angles for herbicide payload amounts. 

 

The outcome of the third scenario marked the first solution in which the free battery was positioned 

at the front of the boat. Once again, the chemical tank was positioned around the center of flotation. 

Reasoning for centering the chemical tank around the center of flotation makes sense, as this is the 

only component that is changing weight throughout the process. Placing the chemical tank around 

the center of flotation helps to negate the effects of the increase in weight due to the herbicide. 

Trimming angles lie within the feasible region. Once again, component intersections occur, this 

time only with the electronics (GNC) and the front battery. The problem of poorly distributed 

empty space is still apparent in the third scenario. The application and implementation of this 

design configuration would require these two problems to be considered and resolved. 

 Design Conclusions and Final Design 

Scenarios 1-3 each resulted in solutions that could be used for the final boat design. Each scenario 

provided a different set of component placements, mostly with regards to the batteries. The 

objective of performing the design optimization was to provide a reasonable starting point for the 

final design of the boat. Slight alterations were needed to move the generated designs to a point 

where they could be successfully implemented on the actual designed boat.  

A design decision on the ordering of the components was made by researchers. It was considered 

to be more beneficial for the battery to be at the front of the boat instead of the electronics (GNC). 

The boat was modeled under the assumption that it operates within calm, stable water. However, 

this condition cannot be guaranteed in all operations. If the boat were to pitch forward and take 

Herbicide 

Amount (gal)

CoG y 

(ft)

Trim Angle

 (deg)

0 3.250 0.000

1.25 3.261 0.045

2.5 3.271 0.089

3.75 3.280 0.134

5 3.287 0.179

6.25 3.293 0.223

7.5 3.299 0.268

8.75 3.304 0.312

10 3.308 0.357

11.25 3.312 0.402

12.5 3.316 0.446

13.75 3.319 0.491

15 3.322 0.536
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water on the bow, it is less than ideal for the electronics (GNC) to be the first component to come 

in contact with the water. The batteries and electronics are to be placed in watertight bins, but 

providing a failsafe for this situation was pertinent to the design. Also, if water was to come into 

contact with the front battery and become inoperable, the battery failsafe would prevent total 

operational failure. The boat would be able to operate only on the back battery. 

Other design improvements were also considered. It was important for the unused space to be more 

appropriately distributed throughout the length of the boat. Additionally, the propeller was to be 

offset from the back of the pontoons, so that room for a handle for transport was supplied.  

The results of the third scenario provided the best starting point. The starting locations of each 

component was used from Scenario 3 and altered to reflect the design improvements. The final 

design of the component placements can be seen in Table 5.18 and the resulting schematic in 

Figure 5.9. 

Table 5.18: Component locations for final boat design. 

 

 

Front Back

0.200 0.742

1.000 2.021

2.100 4.933

5.000 6.000

2.700 2.992

5.229 5.771

Position (y)
Component

Battery 2

Battery

Guidance, Navigation, & Control

Chemical Tank

Propellor

Pump
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Figure 5.9: Component placement schematic of final design. 

 

Table 5.19: Center of gravity location and trimming angle for final design. 

 

*Boat trims forward at corresponding herbicide amounts 

Observing the performance measures of the final design in Table 5.19, the original constraint that 

the boat should always pitch aft was not satisfied. Although the constraint was violated, the 

improvements to the design (battery being at the front, unused space distributed, and allowing 

space for rear handle) outweighed the small forward angles of trim of the final design. 

Herbicide 

Amount (gal)

CoG y 

(ft)

Trim Angle

 (deg)

0 3.157 0.331*

1.25 3.187 0.245*

2.5 3.212 0.153*

3.75 3.234 0.073*

5 3.253 0.013

6.25 3.269 0.099

7.5 3.284 0.185

8.75 3.297 0.271

10 3.308 0.358

11.25 3.319 0.444

12.5 3.328 0.530

13.75 3.337 0.616

15 3.344 0.702
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Figure 5.10: Isometric view of Solidworks model showing final boat based on completed design of 

component placement. 

 

 

Figure 5.11: Top view of final design showing component placement and order. 

 



82 

 

5.6. Trim Angle Model to Further Validate Component Placements 

The design model used to determine the initial equilibrium position, worked under the relaxation 

of Stevin’s law to determine the trimming angle by assuming the center of buoyancy maintained 

the same y-coordinate, regardless of the orientation of the waterline. This resulted in the line of 

actions of the buoyancy and gravitational forces being not exactly opposite (as shown in Figure 

5.4). All trimming angles calculated in Section 5.5.2 were considered approximations and were 

used to assess general feasibility. A second mathematical model was developed to make a better 

approximation of trimming angles based on Stevin’s law exactly as it was stated in [24]. 

The second model uses the component placements and eliminates the relaxation of Stevin’s law to 

determine the actual trimming angle. It is assumed (and eventually shown) that designs that are 

generally feasible within the first model, continue to be feasible within the second model. 

 

 Trim Angle Model Mathematics 

The process for determining the angle of trim using Stevin’s law is shown in Figure 5.12. The 

model uses the center of gravity information generated from the earlier model in concert with an 

iterative approach to determine the trimming angle. 
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Figure 5.12: Flow chart for the model for determining angle of trim using Stevin's law. 

 

Figure 5.13 has been included to further describe the second model process. The figure illustrates 

how the waterline is fixed and the boat (and center of gravity) are then rotated around the center 

of flotation F. This process is what generates the key difference from first model, and ultimately 

allows the second model to satisfy Stevin’s law. 

 

Figure 5.13: An illustration of the solving process of the second model. 
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With the general process explained above, a mathematical approach was implemented to determine 

the trimming angle for each herbicide amount. This process is shown in Figure 5.14 and the steps 

from the figure are discussed below. 

 

Figure 5.14: Coordinate systems and transformation used within second model solving process. 

 

The chosen coordinate system used rectangular coordinates to locate points in space ( ). The 

pontoon and center of gravity are rotated about the center of flotation, so a translation from the 

original coordinate system to one with an original at the center of flotation is necessary ( ). 

Rotations are made easier with the use of polar coordinates, therefore the coordinate of the center 

of gravity is translated into polar coorinates ( ). Next, the pontoon and center of gravity are 

rotated by φ ( ). The entire process is then reversed to present the rotated points in rectangular 

coordinates, with the original origin. At this point, the y-coordinates of the center of buoyancy 

(based on the new displacement created by the fixed waterline and rotated pontoon) and rotated 

center of gravity are compared and the process continued. 

The angles of trim calculated for the final design configuration from Section 5.5.3, were examined 

using the second model. The results of both the first and second model angles of trim for 0, 25, 50, 

75, and 100% herbicide payloads are shown below in Table 5.20. 
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Table 5.20: Comparison of angle of trim results from first and second model. 

 

5.7. Determining Initial Stability 

With the initial equilibrium positions defined in Section 5.5.2, the initial stability of the boat was 

considered. The determination of the whether the boat is in a condition of stable or unstable 

equilibrium, allows for the boat design to be validated as sufficient.  

Using the equilibrium positions defined in Section 5.5.3CHAPTER 5:, the condition of stable or 

unstable equilibrium was assessed to allow for the boat design to be validated as sufficient. Both 

directions, transverse and longitudinal, were considered. In both directions, the position of the boat 

is limited to heeling/trimming only until the pontoon reaches the water’s surface. Initial conditions 

of stability do not extend to the point where one of the outer edges of the pontoon is under the 

water’s surface. The objective of this analysis will be to determine if there exists a situation where 

the metacenter lies beneath the center of gravity. For all stability calculations, the maximum 

herbicide capacity (15 gallon) was considered since the maximum trim occurs in this situation.  

For stability in the transverse direction the x-z plane is considered. Recall that the dot-point line is 

the vertical line connecting the centers of gravity and buoyancy when the boat is in its original 

equilibrium position, similar to Figure 4.6a. Each on-board component has been designed to lie 

straddling the line of symmetry of the boat in the x-y plane. This can be seen in Figure 5.9 and is 

chosen so that in the initial equilibrium state the boat does not heel. 

A similar approach was taken to determine the maximum heeling angle. The maximum angle that 

the boat can heel before the outer pontoon edge is beneath the water’s surface is 16°. This 

maximum heeling angle was used to analyze the boat’s initial stability condition. The location of 

the metacenter at the 16° heel was compared to the position of the center of gravity to determine 

Herbicide 

Amount (gal)
First Model Second Model % Difference

Direction of 

Rotation

0% 0.331 0.347 4%

25% 0.073 0.078 6%

50% 0.185 0.193 4%

75% 0.444 0.461 4%

100% 0.702 0.727 3%

Angle of Trim (in deg)

CCW

CW
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the initial stability condition (as explained in Section 4.3.2). Figure 5.15 provides the results of the 

initial stability analysis in the transverse direction. 

 

 

Figure 5.15: Illustration of the location of the metacenter at maximum heeling angle ¥¦°. 
 

From Figure 5.15, the metacenter can be seen to lie well above the center of gravity. The pontoon 

design, including the width of the pontoons and distance between pontoons, has been designed and 

chosen to allow the boat to operate in a sufficient condition of initial stability. 

The condition of the longitudinal stability was also calculated and analyzed, within the y-z plane. 

Unlike the transverse direction, the components were not situated in a way so that the center of 

gravity lie directly on the line of symmetry of the view. From the calculations of Section 5.6.1, the 

final configuration resulted in a trimming angle of 0.727°. The metacenter was considered from 

Left Right 
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this trimming angle and up to 7 degrees to determine the condition of initial stability. The results 

of this study are shown in Figure 5.16 below. 

 

Figure 5.16: Illustration of the metacenter location at maximum trimming angle. 

 

As was the case with the transverse direction, the dimensioning of the boat has produced a stable 

condition of equilibrium at the boat’s maximum load. The boat, if caused to trim by 7°, would 

return to its original position. 
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 SUMMARY AND CONCLUSIONS 

6.1. Introduction 

At the heart of any research are the questions that require an answer. The motivation for the work 

presented in this thesis is driven by the two research questions posed in Section 1.2. Both questions 

are revisited and their solutions are based on the research, design, experimentation, and validation 

of project models. Finally, as the research for this project is extended to other aspects involving 

the autonomous boat and its dispersal system, future work is considered. 

6.2. Research Question 1 

Research Question 1:  What is a sufficient and effective herbicide dispersal system 

for autonomous aquatic weed management? 

Sufficient and effective; these two adjectives provide the design watermark for the herbicide 

dispersal system. A satisfying conclusion to this research question lies in qualifying that the 

dispersal system deemed deserving of these two adjectives. 

Research into design objectives, such as the types of aquatic weeds to be controlled, type of 

herbicide to be used, and the best way to safely and efficiently disperse the herbicide was 

conducted. Early project requirements were refined and new ones were discovered. It was within 

these project requirements that definitions for what would be considered sufficient were produced.  

Using a combination of traditional techniques and a design-by-analogy method, an herbicide 

dispersal system was created. The importance of having a defined design process was realized in 

this step of the process. The design process used to develop the dispersal system provided a 

foundation to build upon as well as an organized approach to design.  

Sufficient herbicide dispersal was represented by the herbicide flow rates detailed in Table 2.6 and 

the system’s ability to meet these requirements.  These theoretical dispersal parameters set a basis 

about which to compare the system’s performance. Assuming that the improved boat prototype 

would perform at similar velocity rates as the original prototype, the herbicide dispersal system 

was able to maintain adequate flow rates of the chemical. From these conclusions, the system’s 

ability to perform the fundamental task of dispersing herbicide for aquatic weed management can 

be considered sufficient. 
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Unlike the pre-existing, traditional methods of herbicide dispersal of Section 2.5, the method 

developed needed to be autonomously controlled. The dispersal system needed to not only apply 

the correct amount of herbicide for proper aquatic weed management, but also the system needed 

to be highly controllable. The system would be considered highly controllable when the system’s 

performance can be defined by a defined function of system inputs. The system developed for 

autonomous management was characterized through experimentation and a considerable portion 

of the working region was mapped to a linear function. Using this linear function, the control 

system can be then developed to allow for actual autonomous operation.  

6.3. Research Question 2 

Research Question 2: What effects does the implementation of an 

herbicide dispersal system have on the current boat prototype architecture? 

The inclusion of the chemical tank itself, representing only one of the several components of the 

dispersal system and boat, required significant changes to the architecture. The volumetric 

requirements of the dispersal system, immediately put the original boat in an inoperable position. 

A chemical tank containing 15 gallons of Aquathol-K herbicide weighs approximately 170lbs. In 

addition to the chemical tank, a larger fan, electric motor, and a second battery was included into 

the boat’s lightweight. The additive length of the new components required adjustments to the 

pontoon length. The pontoon length had to be increased by 63% to accommodate the new 

components. 

When considering the operation of vehicles travelling primarily through fluids (such as planes and 

boats), it is critical to understand the fundamentals of how they perform. Specifically, to boats, 

hydrostatic measures had to be considered and researched. Draught and displacement, based on 

theories from Archimedes, showed how the additional components, brought about by including 

the dispersal system, changed the way the boat would float in the water. The dimensions of the 

original boat would fail to support the addition of the chemical payload. The boat architecture had 

to be updated to meet these new design goals. 

Imposed requirements based on comparisons between draught and pontoon height, helped to 

determine what modifications were needed to pontoon height and width. In order to meet the 
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design goal of no more than 50% submersion, the pontoon height was increased by 17% and the 

width by 74%.  

Conditions of equilibrium were then used to help determine how the chemical tank and other on-

board components should be situated on the surface of the boat. Several optimization objective 

functions were considered to explore design solutions. Design models were used to predict the 

boat’s reaction to changes in component placement, through calculated trim angles. Careful 

consideration was put into modeling the architecture’s response to various component placements, 

and ultimately a final configuration was decided upon. The final configuration of Figure 5.9, 

allowed for the minimization of inclinations in both the transverse and longitudinal directions, and 

maintained stability in a range of trim and heel angles. 

The model developed to explore and resolve this research question, can be confidently relied upon 

as a system that will meet each of the project requirements. 

6.4. Future Work 

A significant part of the future work is system experimentation in aquatic environments. Testing 

the system in different aquatic conditions will help researchers reflect on results and update 

components/architectures as necessary. These on-water tests will also help to validate and improve 

models for future use and design. 

The autonomous boat has been scaled to treat aquatic herbs in a three-acre body of water. Although 

the boat would sufficiently treat most ponds, any larger application would require several boats. 

Researchers plan to continue to increase the size of the boat for these larger scale treatment sites. 

The dispersal system was not designed to with this large of a treatment area in mind. Improvements 

on tank size, pump run-life, and alternative chemical injectors would be an appropriate part of 

future work. Other options for herbicide mixing would need to be addressed, or development of a 

completely new design for large scale projects should be developed. 

As the amount of herbicide needed to adequately treat areas increases, the boat will require 

significant architectural overhauls. The equilibrium and stability models will continue to be useful 

in determining the new pontoon dimensions to maintain draught and stability requirements of 

future iterations.  
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