
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2006

Design, Manufacture and Performance of
Solar Powered Floating Fountaing
Eduardo J. Gomez

Follow this and additional works at the FSU Digital Library. For more information, please contact lib-ir@fsu.edu

http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu


 

 

THE FLORIDA STATE UNIVERSITY 

 

FAMU FSU COLLEGE OF ENGINEERING 

 

 

 

 

 

 

 

DESIGN, MANUFACTURE AND PERFORMANCE OF SOLAR _POWERED 

FLOATING FOUNTAING 

 

 

 

BY 

 

EDUARDO J. GOMEZ 

 

 

 

 

A thesis submitted to the 

Department of Manufacturing and Industrial Engineering 

In partial fulfillment of the 

Requirements for the degree of 

Master of Science 

 

 

 

 

 

 

Degree Awarded: 

Spring Semester, 2006 

 

 

 

 

 

 

 

 

 



 

The members of the Committee approve the thesis of Eduardo J. Gomez defended on 

February 20 2006 

 

 

     _____________________________________ 

     Yaw A. Owusu 

     Professor Directing Thesis 

 

_____________________________________ 

     Rodney Roberts 

     Committee Member 

 

_____________________________________ 

     James Simpson 

     Committee Member 

 

Approved 

 

_________________________________________________________ 

Chuck Zhang, Chairperson, Department of Industrial Engineering 

 

 

_________________________________________________________ 

Ching- Jen Chen, Dean, College of Engineering 

 

The Office of Graduate Studies has verified and approved the above named committee 

members. 

 

 

 

ii 

 

 



 

 

 

To my kids (Lina Maria and Eduardo Javier), my wife (Stella), my deceased 

brother (Hugo), my father (Blas), my mother (Maria) and the rest of my family. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

iii 

 

 

 

 

 

 



 

 

 

ACKNOWLEDGMENTS 

 

 

I would like to express my special gratitude to my major professor, Dr. Yaw A. 

Owusu for the guidance and support he has given me in my academic and professional 

pursuit, especially in the development of this research.  Without his advice and 

encouragement, it would have been impossible for me to complete it.  He was 

instrumental in securing the financial support of the FAMU-RECCET (FAMU Research 

Center for Cutting Edge Technology) for this project.  Special thanks to Dr. Hans 

Chapman for his unconditional and continuous (almost daily) support during the entire 

research.  I am also grateful to Dr. Jim Simpson for being willing and available to assist 

me with statistical input, feedback and analyses. Special mention to Dr. Rodney Roberts 

for his contribution in the areas of safety and design.  I am also appreciative for the 

support and encouragement I received from undergraduate and graduate students of the 

FAMU-RECCET.  My deepest appreciation to Dr. Geoff Watts, with the City of 

Tallahassee Stormwater Management Division.  In addition to allow me the use of water 

quality equipment, he personally collected field parameters and performed the initial 

profile.   

I do not have enough words to thank my wife Stella and my children, Lina Maria 

and Eduardo Javier for sacrificing valuable family time so that I could accomplish this 

research.  I will forever be indebted to them for their moral support and understanding.  

Above all, I would like to thank God from whom all blessings come.  He 

continually supplies for all my needs according to His riches in glory by Jesus 

(Philippians 4:19). 

 

 

 

 

 

      iv 

 

 

 



 

 

TABLE OF CONTENTS 

 
List of Tables          vii 

List of Figures                    viii 

Abstract           ix 

INTRODUCTION           1 

 1.1 Overview           1 

 1.2 Problem Description         3 

 1.3 Project Rationale          4 

LITERATURE REVIEW          6 

 2.1 History           6 

 2.2 Solar Radiation          7 

  2.2.1 Band Gap Energy in semiconductor material     7 

 2.3 Requirements for PV materials        9 

2.4 PV versus conventional electricity       9 

2.5 PV Terminology        10 

 2.5.1 Solar Cell       10 

 2.5.2 PV Module       10 

 2.5.3 PV Array       11 

 2.5.4 Batteries        11 

 2.5.5 Peak Watt (Wp)       12 

2.6 Pond Aeration        12 

 2.6.1 Dissolved Oxygen concentrations    13 

 2.6.2 Measuring Dissolved Oxygen concentrations   16 

 2.6.3 Stratification and dissolved oxygen    18 

 2.6.4 Factors affecting Pond Stratification    22 

 2.6.5 Aerators        23 

2.7 Water Pumping        24 

 2.7.1 Solar Water pumps      25 

 2.7.2 Selecting a pump      27 

 2.7.3 Pump size and PV array      30 

DESIGN AND EXPERIMENTAL PLAN      33 

3.1 Design of the aerator system      33 

3.2 Design of the fountain       33 

 3.2.1 Solar array sizing      33 

 3.2.2 Sizing power batteries      34 

 3.2.3 Sizing wire       35 

 3.2.4 Sizing the charge controller     37 

 3.2.5 Sizing the pumps      37 

 3.2.6 Sizing the pressure tank      39 

 

      

v 

 



 

 

 

 

3.3 Design of the aerator       40 

 3.3.1 Electrical design       40 

 3.3.2 Mechanical design      40 

3.4 Float buoyancy analysis       44 

3.5 Operation of the SPOWF       45 

3.6 Experimental plan overview      46 

3.7 Safety         47 

STATISTICAL ANALYSIS        49 

 4.1 Dissolved Oxygen measurement      49 

 4.2 Statistical analysis of Dissolved oxygen     49 

  4.2.1 Split plot design       53 

  4.2.2 General linear model fit for dissolved oxygen   54 

 4.3 Diagnostic Tests        56 

 4.4 Results         57 

  4.4.1 Estimated general linear model for DO    57 

  4.4.2 Model Graphs        57 

 4.5 Final Model        58 

 4.6 Diagnostic Tests        59 

 4.7 Reexamination of Residuals when Outliers Removed   60 

 4.8 Final Results of the Research      62 

  4.8.1 Estimated general linear model for final model   62 

  4.8.2 Model Graphs for final model     63 

 4.9 Cost Analysis for the Floating Fountain     66 

  4.9.1 Geometric Gradient      67 

CONCLUDING REMARKS AND RECOMMENDATIONS  

FOR FUTURE WORKS        70 

 5.1 Concluding Remarks       70 

 5.2 Recommendations for Future Work     71 

APPENDICES         72 

REFERENCES         76 

BIOGRAPHICAL SKETCH        78 

 

 

 

 

 

 

 

vi 

 

 



 

 

 

 

LISTS OF TABLES 

 

 
Table 2.1: Solubility of Oxygen with temperature     14 

Table 2.2: The solubility of oxygen in water at different temperatures  15 

Table 2.3: Gaseous Composition of Atmosphere in Percent by volume  16 

Table 3.1: Loads for the Fountain       33 

Table 3.2: Maximum one- way Distance for Various Wire Gauges   36 

Table 4.1: Factor levels        51 

Table 4.2: Nuisance Factors        51 

Table 4.3: General Linear Model Fit for Dissolved Oxygen in terms of Mean  

      Squares, statistical test, and model coefficient values   55 

Table 4.4: Analysis of variance for new data collected    59 

Table 4.5: Transforming datum from natural units to coded units   63 

Table 4.6: Initial cost of the Floating Fountain     69  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
vii 

 



 

 

 

LIST OF FIGURES 

 
Figure 1.1: Diagram of Photovoltaic Cell        2 

Figure 2.1: Solar Spectral Irradiance Curves        8 

Figure 2.2: Concept of AC and DC         9 

Figure 2.3: PV Array         11 

Figure 2.4: Adequate Oxygen Levels       13 

Figure 2.5: Typical Polarographic Dissolved Oxygen Sensor   17 

Figure 2.6: Galvanic Sensor        18 

Figure 2.7: Fiber Optic Oxygen Sensor      19 

Figure 2.8: Early Spring Stratification      20 

Figure 2.9: DO in Hypolimnion during Annual Stratification   21 

Figure 2.10: Temperature in Lake during Winter     22 

Figure 2.11: Splasher Aerator        24 

Figure 2.12: Pond Aeration        25 

Figure 2.13: Measured Pump Efficiency vs. Depth for six Different Pumps  26 

Figure 2.14: Types of solar pumps       27 

Figure 2.15: Aerating Nozzle Application      31 

Figure 2.16: Solid Stream Smooth Bore Nozzle     32 

Figure 3.1: Schematic Diagram of the Fountain      38 

Figure 3.2: Special Aeration System Designed for the Floating Fountain  41 

Figure 3.3: Floating Fountain with Stationary Pole     42 

Figure 3.4: Floating Fountain with Support Underneath    43 

Figure 3.6: FAMU- CCET Personnel Inspecting SPOWF    45 

Figure 3.7: Diagram Cause-and-effect for the Solar Powered Floating Fountain 46 

Figure 4.1: Sketch showing Final Location of the Floating Fountain  50 

Figure 4.2: Split Plot Design with one whole plot and 3 subplot factors  52 

Figure 4.3: Residual Plot for Initial Raw Data     56 

Figure 4.4: Box Plot of DO concentration during the experimentation process 58 

Figure 4.5: Residual Plot for Final Model      60 

Figure 4.6: Residual Plots for DO with observations 8 and 13 removed   61 

Figure 4.7: Response Surfaces for Dissolved Oxygen     62 

Figure 4.8: Box plot of DO concentration showing time independent effect  64 

Figure 4.9: Interaction between fountain and location set up at two levels  65 

Figure 4.10: Interaction between DO and time of day     66 

Figure 4.11: A typical Increasing Geometric Gradient Profile   68 

 

 

 

 

viii 

 

 



 

 

 

ABSTRACT 

 
Photovoltaic (PV) systems behave in an extraordinary and useful way: they react 

to light by transforming part of the incoming photons into electricity. Since PV 

installations require no fuel to operate, produce no pollution while producing electricity, 

they require little maintenance and are modular. These unique properties make the 

technology a cost and energy-effective means of permitting a wide range of solar- electric 

applications. Thus, innovative design and manufacture of PV devices and equipment, 

offers a new vision for consumers and business as to how power can be provided.  

             One such application involves the design and manufacture of a Solar-Powered 

Floating Fountain, including a robust design of experiment, performance, cost and safety 

analyses, is presented in this thesis.  The uniqueness of the fountain manufactured for this 

research is the capability for aeration of stagnant water bodies, such as lakes and ponds. 

Aeration of these water bodies by using solar power is not only a new application of the 

renewable energy, but also, it provides an affordable method to promote biodiversity in 

stagnant ponds and lakes. The fountain was built by the Research Center for Cutting-

Edge Technologies (RECCET) and installed on a pond at Innovation Park, Tallahassee. 

The system is composed of two pumps, an air compressor, six solar panels, kit of 

batteries, a linear current booster, pressurized water tank and the float. Aeration was by 

exposing the water to air through the nozzles on the tank.  By using this technique, the 

lake gained dissolved oxygen in the lowest layer, accomplishing the main objective of 

this project. Statistical analysis using a Split Plot design showed a significant uptake of 

both dissolved oxygen and destratification. 
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CHAPTER 1 

 
 
 
 

INTRODUCTION 

 
1.1 Overview 

 

Solar energy refers to energy derived from the sunlight that reaches the earth.  

Solar energy can be converted directly or indirectly into other forms of energy, such as 

heat and electricity. Electricity can be produced directly from solar energy using 

photovoltaic devices or indirectly from steam generators using solar thermal collectors to 

heat a working fluid. It is used for a number of applications including heating water for 

domestic use, generating electrical energy, and water pumping. 

 Photovoltaic (PV) systems behave in an extraordinary and useful way: they react 

to light by transforming part of it into electricity. Since photovoltaic cells require no fuel 

to operate, produce no pollution while producing electricity, require little maintenance 

and are modular permitting a wide range of solar- electric application, offers a new vision 

for consumers and business as to how power can be provided. 

Photovoltaic pumping systems are quiet, need no fuel, require very little 

maintenance and pump most water during the sunniest, hottest days of summers. Other 

advantages of a PV system are: free energy, reliable power, flexibility, and quick 

Installation. 

A typical silicon PV cell is composed of a thin wafer consisting of an ultra-thin 

layer of phosphorus-doped (N-type) silicon on top of a thicker layer of boron-doped (P-

type) silicon. An electrical field is created near the top surface of the cell where these two 
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materials are in contact, called the P-N junction. When sunlight strikes the surface of a 

PV cell, this electrical field provides momentum and direction to light-stimulated 

electrons, resulting in a flow of current when the solar cell is connected to an electrical 

load as shown in Figure 1.1. 

 

 

 

 

Figure 1.1: Diagram of Photovoltaic Cell [FSEC, 2003]. 

 
 
 
 

 Most of the energy that reaches a cell in the form of sunlight is lost before it can 

be converted into electricity. Maximal sunlight to electricity conversion efficiencies for 

solar cells range up to 30% (and even higher for some highly complex cell design), but 

typical efficiencies are 10 – 15%. Most current work on PV cell is directed at enhancing 

efficiency and many can be improved by proper design [Solar Energy Research Institute, 

1984].  

Solar energy is used for a number of applications including heating water for 

domestic use, space heating of buildings, generating electrical energy and water pumping. 

Pumping water is one of the most competitive arenas for PV power since it is simple, 

reliable, and requires almost no maintenance.  PV powered water pumping system is 
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similar to any other pumping system, only the power source is solar energy. PV pumping 

systems have, as a minimum, a PV array, a motor, and a pump. 

The pump requires a DC motor if it is to operate without additional electrical 

components. There are different kinds of pumps: floating pump, submersible centrifugal 

pump, and positive displacement pump. If the water source is dugout, it is convenient to 

use floating pump. For a well-type water source, a self-priming surface centrifugal or 

positive displacement pump can be used. In using any of the above-mentioned pumps, 

especially important in low-voltage applications like solar energy, care must be taken to 

ensure that the pump specifications match the head and discharge requirements for the 

application. 

 

1.2 Problem Description 

 

Aeration means addition of oxygen to the water. This process is accomplished 

either by exposing the water to air or by introducing air into the water. To restore a body 

of water to health, it is essential to get oxygen down to it. When too much pollution 

enters a body of water, plant and algae die and sink to the bottom, resulting in an 

overload of organic sludge. A lower form of life in lakes and ponds die and this debris 

eventually rots.  

Anaerobic bacteria, which need no oxygen, give off deadly poisonous gases, such 

as hydrogen sulfide, ammonia, and methane. These gases, because they rise through the 

water, come together with and cover dissolved oxygen remaining in the water. If oxygen 

is present at the lakebed, dead organisms will not accumulate but will quickly be 

consumed by aerobic bacteria, thus providing for a healthier lake environment [Linsley, 

2000].  

Aeration of water by using solar power is not only a new application of the 

renewable energy, but also, it provides an affordable method to promote biodiversity in 

stagnant ponds and lakes.  

So far, the use in solar-powered water fountains has been developed for gardening 

and aesthetic purposes. This project attempts to go beyond this point. An added novelty is 

that the solar powered water fountain (SPOWF) structure is a complete unit that houses 

both the solar modules and the water fountain. From the literature review, all other 
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available solar fountains discussed are separate, while the current design under 

consideration is compact.  

 

1.3 Project Rationale 

 

The FAMU Center for Cutting-edge Technologies (FAMU-CCET) has recently 

designed and manufactured a model solar–powered water fountain to advance the 

Center’s capabilities in solar energy technology. The fountain structure is a pyramidal 

aggregate of solar panels attached to an aluminum frame, with a water tank at the top and 

a pump at the bottom. The unit has one pump powered by photovoltaic modules to 

provide aeration and circulation in order to break up thermal stratification as well as 

aerate to the pond.  

As an extension to this project, the first task was to install a second solar- 

powered pump, and to attach a specially designed aeration system in order to increase the 

amount of air for aeration An appropriate pump was chosen and purchased, based upon 

the specifications. The second step was determining the performance of the fountain. 

Later on, a mechanical performance was studied in a pond. This was followed by a 

comparative analysis of the two steps performed and a combined analysis for both 

scenarios.  

As an added task in this work, a cost analysis was assessed in order to obtain 

valuable information to establish if manufacturing the unit is cost-effective. 

 

1.4 Project objectives 

 

The work to be undertaken in this research was aimed at meeting the following 

objectives: 

• Design the mechanical and electrical requirements for a floating solar 

fountain 

• Install a second solar pump to the actual solar- powered water fountain in 

order to improve its actual performance conditions 

• To attach a specially designed aeration system in order to increase the 

amount of air (oxygen) for aeration 
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• Assess the mechanical performance of the floating fountain under real 

conditions. 

• Perform an economical analysis of the Floating Fountain determining the 

initial investment and projection of the maintenance expenditures during 

the next ten years. 
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 CHAPTER 2 

 

 

 

 

LITERATURE REVIEW 

 
2.1 History 

 

 A French physicist, Edmond Becquerel who discovered the photovoltaic 

(PV) effect, first observed the physical phenomenon responsible for converting light to 

electricity in 1839 Becquerel noted a voltage appeared when one of two identical 

electrodes in a weak-conducting solution was illuminated. The PV effect was first studied 

in solids, such a selenium in 1870’s [Solar Energy Research Institute, 1984]. The first PV 

cells converted less than 1% of the sun’s photons into electricity were very expensive to 

the tiny amount of power to produce [Owusu, 1999]. 

 A major step forward in solar-cell technology was in the 1940’s and early 

1950’s when a method (called Czochralski Method) was developed for producing highly 

pure crystalline silicon. In 1954, work at Bell Telephone Laboratories resulted in silicon 

PV cell with a 4% efficiency. Bell Labs soon bettered this to a 6% and then 11% 

efficiency, heralding an era of power-producing cells [Marshall, 2001]. 

Throughout the 1960s were principally used to provide electrical power for earth-

orbiting satellites. In the 1970s, improvements in manufacturing, performance and quality 

of PV modules helped to reduce costs and opened up a number of opportunities for 

powering remote terrestrial applications, including battery charging for navigational aids, 

signals, telecommunications equipment and other critical, low power needs. 
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In the 1980s, photovoltaics became a popular power source for consumer 

electronic devices, including calculators, watches, radios, lanterns and other small battery 

charging applications. Following the energy crises of the 1970s, significant efforts also 

began to develop PV power systems for residential and commercial uses both for stand-

alone, remote power as well as for utility-connected applications. During the same 

period, international applications for PV systems to power rural health clinics, 

refrigeration, water pumping, telecommunications, and off-grid households increased 

dramatically, and remain a major portion of the present world market for PV products.  

Today, the industry’s production of PV modules is growing at approximately 25 

percent annually, and major programs in the U.S., Japan and Europe are rapidly 

accelerating the implementation of PV systems on buildings and interconnection to utility 

networks [Solar Energy Research Institute, 1984]. 

 

2.2 Solar radiation 

 

Solar radiative energy has its origin in a nuclear fusion reaction in the sun. The 

resulting energy is emitted as electromagnetic radiation in the spectral range 0.2 - 3µ 

(Figure 2.1).  

 The sun releases a huge quantity of energy in terms of human capacity or 

need. Energy output per second is 3.86x1020 megawatts, several billion times the electric 

capacity of US utilities. The intensity of solar radiation in free space at the average 

distance between the earth and the sun is called the solar constant, and has a value of 

1353 W/m2 [Marshall, 2001].  

2.2.1 Band gap energy in semiconductor materials 

According to quantum theory, the energy of an electron in the crystal must fall 

within well-defined bands. The energies of the valences orbitals are called the valence 

bands. The difference in energy levels between the conduction band, and the valence 

band is called the energy gap or band gap and is a very important characteristic of 

semiconductors. The relationship can be written as: 
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                    Eg = Ec – Ev                              (2.1) 

 

 

 

where, 

Eg is band energy 

Ec is conduction band energy 

Ev is the valence band energy [Markvart 2000]. 

 

 

 

Figure 2.1: Solar Spectral Irradiance Curves [Marshall, 2001]. 
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2.3 Requirements for PV materials 

 

A number of properties is required for candidate PV materials and device 

structures. The most essential ones concern photonic and electrical conditions: 

• Strong light absorption over a large spectral range. This property implies 

that a tunable band gap is desirable.  

• The peak of absorption should be at 1.4-1.5 eV, for optimal efficiency  

• Good carrier collection properties for both minority and majority carriers 

recombination loss and a large luminescence yield 

• Low cost, so that the thin film structures are preferable 

• High abundance of the source materials for large-scale production 

• Environmental friendly technology [Marshall, 2001]. 

2.4  PV versus conventional electricity 

 

There are two basic forms of electricity: alternating current (AC) and direct 

current (DC). Alternating current is made up electrons alternately flowing in one 

direction and then in the opposite direction under the influence of a cycling force called 

voltage that acts a part of a time in one and then in the opposite direction. A mechanical 

system representing alternating flow would be a ball bearing under the influence of a 

force (gravity) set at the top of a sloped device (Figure 2.2).  

 

 

     DC flow 

 

 

 

     AC flow 

Figure 2.2: Concept of AC and DC. 
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Assuming no friction, the ball will oscillate between peaks. In DC electricity, the 

electrons flow in a single direction, just as the ball in Figure 2.2 rolls along a flat plane 

once set in motion. Such devices as batteries and photovoltaic systems generate DC 

electricity [Basic photovoltaic principles and methods, 1984]. 

 

2.5 PV Terminology 

 
PV systems are made up of a variety of components, which aside from the 

modules may include conductors, fuses, disconnect controls, batteries, trackers, and 

inverters. Components vary somewhat depending on the application. PV systems are 

modular by nature, thus systems can be readily expanded and components easily repaired 

or replaced if needed. PV systems are cost effective for many remote power applications, 

as well as for small stand-alone power applications in proximity to the existing electric 

grid. 

2.5.1 Solar Cell 

The PV cell is the component responsible for converting light to electricity. Some 

materials (e.g., silicon is the most common) produce a photovoltaic effect, where sunlight 

frees electrons striking the silicon material. The freed electrons cannot return to the 

positively charged sites ("holes") without flowing through an external circuit, thus 

generating current. Solar cells are designed to absorb as much light as possible and are 

interconnected in series and parallel electrical connections to produce desired voltages 

and currents. 

2.5.2 PV Module  

A PV module is composed of interconnected solar cells that are encapsulated 

between a glass cover and weatherproof backing. The modules are typically framed in 

aluminum frames suitable for mounting. 
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2.5.3 PV Array 

 PV modules are connected in series and parallel to form an array of modules, 

thus increasing total available power output to the needed voltage and current for a 

particular application. Figure 2.3 shows an application of PV array. 

 
 
 
 

 

Figure 2.3: PV Array [actionrenewable.org,  2001]. 

 

 

 

 

2.5.4 Batteries 

Direct current is a perfectly useful form of electricity for many applications. At an 

isolated location, there is no need to do anything more than use PV-generated electricity 

and perhaps store it for times when there is no daylight to activate the cells. 

A widely used method of storing electricity is electromechanical method such as 

battery storage. PV batteries have shorter life span as compared with PV modules and are 

also dangerous to keep due to the charges they store as well as their acid electrolytes.  
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The battery, however, represents more than mere storage capacity. It can serve as 

a power conditioner. By being part of the circuit into which electricity from the PV 

supply flows, the battery keeps the electrical load more nearly constant, and the PV array 

can be designed to operate more nearly at its optimum power output. Of course, the 

battery must be protected from being overcharged by a highly productive array, and a 

darkened array must be protected from current flowing to it from a charged battery. This 

is readily done by placing protective electronic components such as diodes, which limit 

the flow of electricity to a single direction; and devices such as regulators to prevent 

overcharge while maintaining a uniform system voltage. 

 2.5.5 Peak Watt (Wp)  

PV modules are rated by their total power output, or peak Watts. A peak Watt is 

the amount of power output a PV module produces at Standard Test Conditions (STC) of 

a module operating temperature of 25°C in full noontime sunshine (irradiance) of 1,000 

Watts per square meter. Keep in mind that modules often operate much hotter than 25°C 

in all but cold climates, reducing operating voltage and power by about 0.5% for every 

1°C hotter, thus a 100W module operating at 45°C (20° hotter than STC yielding a 10% 

power drop) would actually produce about 90 Watts [Solar Energy Research Institute, 

1984]. 

 

2.6 Pond aeration 

 
Oxygen in ponds comes from two sources: photosynthesis and diffusion from the 

air. The most important source, photosynthesis, is the process plants use for 

manufacturing food. In the presence of sunlight, plants (especially algae) add oxygen to 

water as a by-product of photosynthesis. At night, no oxygen is produced, but respiration 

of algae, fish and bacteria continues to remove oxygen from the water. Most of the time 

there is a desirable balance between how much oxygen is produced and how much is 

used, but under some conditions, the balance can be upset, and the oxygen concentration 

becomes low enough to stress or kill fish. The amount of oxygen in pond water can vary 

considerably from pond to pond and from hour to hour. Typically, however, oxygen 

concentrations are lowest at dawn and highest during late afternoon. 
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2.6.1 Dissolved Oxygen concentrations 

Dissolved oxygen (DO) concentration measures the amount of gaseous oxygen 

(O2) dissolved in an aqueous solution. Adequate dissolved oxygen is necessary for good 

water quality. Oxygen is a necessary element to all forms of life. Natural stream 

purification processes require adequate oxygen levels in order to provide for aerobic life 

forms as shown in figure 2.4. 

 
 
 
 
 

      

 

 

Figure 2.4: Adequate Oxygen Levels [howproductsimpact.net, 2004]. 

 

 

 

 

The solubility of oxygen is limited within the range from 6 to 14 mgL-1. The 

solubility of oxygen decreases with increase in temperature, salinity and pressure  
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[Connel 1984]. Table 2.1 illustrates how solubility of oxygen decreases with increase in 

temperature. 

The pressure of oxygen in air drives oxygen into water until the pressure of 

oxygen in water is equal to the pressure of oxygen in the atmosphere. When pressures of 

oxygen in water and atmosphere are equal, net movement of oxygen molecules from 

atmosphere to water ceases. The water is said to be at equilibrium, or at saturation, with 

dissolved oxygen (DO) when the oxygen pressure in the water equals the pressure of 

oxygen in the atmosphere. The DO concentration in water at saturation varies with 

temperature, salinity, and barometric pressure. As water temperature increases, DO 

concentration at saturation decreases (Table 2.2). At a given temperature, the DO 

concentration at saturation increases in proportion to increasing barometric pressure. The 

concentration of DO at saturation decreases with increasing salinity.  

 
 
 
 

Table 2.1. Solubility of oxygen with temperature [Connel, 1994] 

 

Temperature

(° C) 

Oxygen solubility

(mg/ L) 

0 14.62 

5 12.77 

10 11.29 

15 10.08 

20 9.2 

25 8.6 
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When water is below saturation with DO, there is a net movement of oxygen 

molecules from atmosphere to water. At DO saturation, the number of oxygen molecules 

leaving the water surface equals the number entering (no net movement).  The greater the 

difference between the pressure of oxygen in water and atmosphere, the larger the 

movement of oxygen molecules from atmosphere to water or vice versa  

At a particular oxygen deficit, the amount of oxygen that can enter a given 

volume of water in a specified time interval depends upon the area of water surface 

relative to water volume. The amount of oxygen entering increases with greater surface 

area. Oxygen from the atmosphere readily enters the surface film, and the DO 

concentration in the surface film quickly reaches saturation. The movement of oxygen 

from the surface film throughout the entire volume of water is much slower than the 

initial entry of oxygen into the surface film. Thus, in still water, the surface film quickly 

saturates with DO, and the rate of diffusion of oxygen into water becomes slow, because 

no more oxygen can diffuse from atmosphere into the surface film until some of the 

oxygen in the surface film diffuses into the greater volume of water.  

 

 

 

 

Table 2. 2: The solubility of oxygen (mg L
−1

) in water at different temperatures and salinities from 

moist air with pressure of 760 mm Hg. [Boyd, 1997]. 

 

 
 

 

 

 

The importance of water mixing (turbulence) on oxygen transfer between the 

atmosphere and water should be apparent. Mixing makes the surface rough and thereby 

increases surface area. Mixing also causes mass transfer (convection) of water and DO 
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from the surface to other places within the water body. Mixing of pond water by wind 

favors diffusion of oxygen, so more oxygen diffuses into or out of pond water on a windy 

day than on a calm day presented a technique for estimating the influence of wind 

velocity on oxygen transfer between air and surface water of aquaculture ponds [Boyd, 

1997].  

2.6. 2 Measuring dissolved oxygen concentration. 

For most organisms, oxygen in the environment is vital for life. It is represented 

plentifully in the atmosphere (see Table 2.3), and dissolves readily in the water. A 

technique for evaluating the dissolved oxygen in aqueous solution was introduced years 

ago by Winkler. Modified through following years, the method has proven relatively 

easy. Because of efficient methodology and the importance of the oxygen, analysis of this 

gas is one of the first measurements made in lake and stream surveys. The theoretical 

basis for oxygen determination by the Winkler method is not well known [Cole, 1994]. 

The introduction of oxygen probes, which is the current method, permitting electrometric 

oxygen analysis, may signal the end of the Winkler titrametric method. 

 
 
 
 

Table 2.3:Gaseous Composition of Atmosphere in Percent by Volume [Cole, 1994]. 

Gas Percent

Nitrogen (N2) 78.084 

Oxygen (02) 20.946 

Argon (Ar) 0.934 

Carbon dioxide (C02) 0.934 

 
 
 
 

An oxygen meter has two components: the sensor (sometimes called the probe) 

and the meter. Various types of sensors are available, but they all operate in basically the 

same way: the sensor reacts with oxygen and an electrical signal is produced in 

proportion to the oxygen concentration. The signal is then amplified, translated into 

concentration units, and displayed by the meter. The meter circuitry also compensates the 
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reading for changes in temperature, altitude or salinity [Southern Regional Aquaculture 

Center (SRAC), 2002]. There are three types of dissolved oxygen sensors: Polarographic 

or Clark sensors, Galvanic sensors and Fiber optic oxygen sensors. 

 

• Polarographic or Clark sensors use gold or platinum as the cathode and silver as 

the anode. Polarizing voltage is applied to the cathode to cause the reduction of 

oxygen with the sensor. Figure 2.5 shows a cross section of a typical 

polarographic dissolved oxygen sensor. 

 
 
 
 

 

 

Figure 2.5:Typical Polarographic Dissolved Oxygen Sensor [SRAC, 2002]. 

 
 
 
 

• Galvanic sensor use silver or platinum as the cathode and lead, iron or zinc as the 

anode. Application of a polarizing voltage is not necessary because the reduction 

of oxygen in the presence of the sensor materials is spontaneous. Thus, a galvanic 

sensor is like a battery (fuel cell) that is actually fueled by oxygen. Galvanic 

sensors typically have faster response times than polarographic sensors and are 

more expensive. Figure 2.6 illustrates a structure of a galvanic sensor.  
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Figure 2.6: Galvanic Sensor [Gastec corporation, 2001]. 

 
 
 

  

• Fiber optic oxygen sensors consist of an optical fiber with a sensor tip that 

contains a thin layer of oxygen-sensitive fluorescent dye dissolved in pure silicon. 

The optical fiber carries blue light from a light-emitting diode (LED) to the 

sensor. This stimulates the dye to emit fluorescent light that travels back up the 

optical fiber to a photodetector. Oxygen diffusing into the sensor tip binds to the 

fluorescent dye, which reduces (“quenches”) the intensity of light emission. Fiber 

optic sensors are very sensitive at low DO concentrations. Figure 2.7 shows a 

fiber optic oxygen sensor. 

2.6. 3 Stratification and dissolved oxygen. 

One of the most unusual properties of the water is the fact that its density does not 

linearly decrease with increasing temperatures. Instead, it has a maximum point at 39°F. 

Above this point, the density of water decreases with temperature. As a result, a lake or 
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pond warmed by the sun during the summer will tend to have a layer of warm water 

floating on top of the denser, colder water below. These density differences between 

surface water and the water nearer to the bottom inhibit vertical mixing in the lake. This 

leads to a very stable layering effect known as thermal stratification [Masters 1991]. 

 
 
 
 

 

 

 

Figure 2.7:Fiber Optic Oxygen Sensor [SMSI™, 2005]. 

 

 

 

 

Ponds can stratify because water attains maximum density at 39°F. It becomes 

less dense (lighter in weight) both above and below 39°F. Soon after the ice melts in the 

early spring, the water temperature throughout the pond rises to 32°F. Winds blowing 

across the pond's surface cause the water to pile up on the downwind side. The water 

moves downward, across the pond bottom, to the upwind side. The entire pond begins to 

circulate from top to bottom, maintaining a uniform temperature. As long as winds are 

strong enough, the pond temperature will remain uniform, even as the pond begins to 

warm during spring. This is a period known as "spring overturn." [Lynch, 2001]. Figure 

2.8 shows the beginning of annual stratification. During summer, the temperature 

differential between the warm, upper layer (called the epilimnion) and the colder, bottom 
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layer (the hypolimnion) increases.  Between the epilimnion and hypolimnin is a relatively 

thin layer of water called the thermocline. This layer is characterized by a rapid decrease 

in temperature. 

 
 
 
 

 

 

                                                

Figure 2.8: Early Spring Stratification [Lynch, 2001]. 

 
 
 
 

Stratification persists through much of the summer because the contrasting 

densities imparted by temperature can be mixed to homogeneity only by a tremendous 

amount of work. The summer wind is not powerful enough to do this. In this situation, 

the lake is said stable [Cole, 1994].  Because of normal summer wind and weather 

conditions cannot cause the two layers to mix, the pond will remain stratified until fall. 

Figure 2.9 shows how DO decreases along annual thermal stratification.  

As summer wanes and fall begins, water temperatures in the warm, upper layer 

begin to cool. As the upper layer cools to approximately the same temperature as the 

lower layer, thermal stratification disappears as wind can now mix the two layers 
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together. This is known as "fall turnover" and is considered to have occurred when 

temperatures are the same from the surface down to the deepest area of the pond [Lynch, 

2001].  

 
 
 
 
 

 

 

Figure 2.9: DO in Hypolimnion during Annual Stratification [ Cole and Minckley, 2001]. 

 
 
 
 

As fall progresses into winter, water cools to 39°F and below, the colder upper 

layer becomes less dense. This causes the pond to become stratified again. However, in 

winter the colder water is near the surface rather than at the bottom. Occasionally, strong 

winds will break up winter stratification for a few days. It will reform once calm weather 

returns. Often a layer of ice forms, sealing the pond surface and preserving the 

stratification until ice-out. Little mixing occurs during winter (figure 2.10). This 

stratification kills fish as they find themselves in layer of water low in oxygen 

concentration during the winter.  These problems create sometimes a layer of black, 

anaerobic bottom sludge that becomes a deposit for heavy metals and another toxic 

metals that can build up in a pond. 
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Figure 2.10: Temperature in Lake during Winter [Lynch,  2001]. 

 
 
 
 

2.6.4 Factors Affecting Pond Stratification 

Weather patterns also influence whether or not a pond stratifies. Calm, hot 

summers can cause virtually all ponds to stratify in summer whereas cooler, windy 

summers prevent stratification in many ponds except the deep or well-protected pond. A 

difference in weather between summers is why a pond may stratify one year but not the 

next. Occasionally, summer stratification can be "broken up" during a major rain event in 

which a large volume of cold rain water causes the pond to prematurely overturn. This 

can lead to catastrophic summer fish kills [Lynch, 2001]. 

Pond owners can also prevent stratification from occurring. Small ponds that are 

aerated extensively often do not stratify because aeration keeps the pond in a continuous 

circulation and prevents differences in temperature from forming. The same level of 
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aeration in larger ponds and lakes may not prevent stratification. In these instances, 

additional aeration system may be required [Lynch, 2001].  

The DO concentrations within a lake can experience large daily fluctuations, and 

it is affected by salinity, altitude, groundwater and water temperature. Water temperature 

plays an important roll in aquatic ecosystems. It limits migration, incubation, growth and 

metabolism of aquatic organism. Warmer water promotes higher metabolism and 

respiration rates. Water temperature also affects lakes indirectly by influencing DO 

concentrations. Warm water holds less oxygen in solution than cold water. 

2.6.5 Aerators 

Aerators work by increasing the area of contact between air and water. Aerators 

also circulate water so fishes can find areas with higher oxygen concentrations. 

Circulation reduces water layering from stratification and increases oxygen transfer 

efficiency by moving oxygenated water away from the aerator. Because of many units are 

electrical, wiring should be properly protected and installed to avoid any hazards from an 

electrical shock. However, one of the advantages of the solar powered water fountain is 

that there is no wiring involved on it.  

Two terms are commonly used to compare aerator performance. The standard 

oxygen transfer rate (SOTR) is the amount of oxygen that the aerator adds to the water 

per hour under standard conditions (68 °F and no initial oxygen) and is reported as lb 

O2/hr. The standard aeration efficiency (SAE) is the standard oxygen transfer rate divided 

by the amount of power required and is expressed as lbs O2/hr per horsepower (HP) or lbs 

O2/HP-hr. Efficiency ratings are based on the horsepower applied to the aerator shaft and 

not the horsepower of the power source. Most commercial aerators have ratings between 

1 and 5 lbs. O2/HP-hr.  

Aerators influence the rate of oxygen transfer from air to water by increasing 

turbulence and surface area of water in contact with air. Aerators are of two basic types: 

splashers and bubblers. An example of a splasher aerator is a paddle wheel aerator. It 

splashes water into the air to affect aeration as shown in Figure 2.11. Splashing action 

also causes turbulence in the body of water being aerated.  
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Figure 2.11: Splasher Aerator [www.aquatext.com, 2002]. 

 

 

 

 

      Bubbler aerators rely upon release of air bubbles near the bottom of a water 

body to affect aeration. A large surface area is created between air bubbles and 

surrounding water. Rising bubbles also create turbulence within a body of water as shown 

in figure 2.12.  

 
2.7 Water Pumping 

 
Pumping water is one of the most competitive arenas for PV power since it is 

simple, reliable, and requires almost no maintenance. Agricultural watering needs are 

usually greatest during sunnier periods when more water can be pumped with a solar 

system. PV powered pumping systems are excellent for small to medium scale pumping 

needs (e.g., livestock tanks) and rarely exceed applications requiring more than a 2 hp 
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motor. There is thousands of agricultural PV water pumping systems in the field today. 

PV pumping systems main advantages are that no fuel is required and little maintenance 

is needed. PV powered water pumping system is similar to any other pumping system, 

only the power source is solar energy; PV pumping systems have, as a minimum, a PV 

array, a motor, and a pump. PV water pumping arrays are fixed mounted or sometimes 

placed on passive trackers (which use no motors) to increase pumping time and volume. 

AC and DC motors with centrifugal or displacement pumps are used with PV pumping 

systems. 

 
 
 
 
 

 

 

Figure 2.12: Pond Aeration [www.everliner.com, 2001].  

 
 

 

2.7.1 Solar water pumps  

Most conventional AC pumps use a centrifugal impeller that “throws” the water 

into motion. A multi stage centrifugal pump has a series of stacked impellers and 

chambers. A multistage centrifugal pump, the norm in water well application, operates at 
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peak efficiency over a relatively limited range of pressure or depth. Figure 2.13 illustrates 

the dramatic fall in efficiency when the operating depth is either too high or too low. 

Deeper wells require more stages in the pump to optimize efficiency. Simply stated, the 

deeper the well the longer the pump. Multistage pumps that run from AC power generally 

operate at a nearly constant rotational speed. For a given well depth, this allows simple 

selection of the proper pump. This simple situation is complicated rapidly when direct 

solar power is used to drive the pump. 

 
 
 
 
 

   

Figure 2.13: Measured Pump Efficiency vs. Depth for Six Different Pumps [Kyocera.com, 2004]. 

 
 
 
 

When operating at low power, the amount of water pumped by centrifugal pumps 

drops dramatically. This makes centrifugal pumps somewhat limited in solar applications, 

though efficient centrifugal pumps are available. Many designers of solar water pumps 

took the approach of using positive displacement pumps, which bring water into a 

chamber and then force it out using a piston or helical screw. This types generally pump 
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more slowly than other types of pumps, but have a good performance under low power 

condition, and can achieve high lift [NYSERDA, 2003]. 

Both submersible and surface solar pumps are available. A submersible remains 

underwater, such as in well (figure 2.14).  

 
 

 

 
Submersible Pump             Surface Pump  

 

 

 

Figure 2.14:Types of solar pumps 

 
 
 
 
A surface pump is mounted at water level either adjacent to the water source or, in 

the case of a floating pump, on top of the water (figure 2.14). Surface pumps are less 

expensive than submersible pumps, but they are not well suited for suction and can only 

draw water from about 20 vertical feet [NYSERDA, 2003].  

2.7.2 Selecting a pump 

Preceding the selection of a pump for a pond, two things have to be decided: the 

desired flow rate and the total dynamic head (TDH) for the system to deliver that flow 
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rate. Flow rate depends upon several factors that include the volume of the pond, water 

quality problems such as presence of silt, high mineral contents that may damage the 

pump, depth of pond, and how high the water needs to be pumped. 

Head is measured in feet/meters or pound square inch (psi.) and it is a term for the 

distance that a pump is capable to push the water from the body of water to the air. The 

capacity will be measured in gallons per minute or cubic meters per hour. The greater the 

vertical distance is in between the water source and the air, the harder the pump has to 

work to get the water there.  

In this way, a pump with a maximum rating of 40 head feet means that is capable 

of pumping water directly 40 feet up into the air. There is however an inverse relationship 

between the flow rate and the head. Any increment above the rated head results in a 

decrement of the flow rate. Thus, for optimal flow rate, the head must be minimized 

[Braimah, 2004].  

There are two kinds of head: static head, and loss head [NYSERDA, 2003].  

Static head is the vertical distance measured from the centerline of the pump to 

the height of the piping discharge to the air. 

As the liquid flows through the piping and fittings, it is subject to the friction 

caused by the piping inside finish, restricted passages in the fittings and hardware that has 

been installed in the system. Friction losses are the resistance of water flow due to inside 

surface of the pipe and the higher the pumping rate, the higher the resistance. Friction 

losses are expressed in terms of equivalent height and are determined by the pumping rate 

and the size of the pipe. The resulting "pressure drop" is described as a "loss of head" in 

the system, and can be calculated from graphs and charts provided by the pump and 

piping manufacturers.  

Friction losses are the resistance of water flow due to the inside surface of the 

pipe. In general, the smaller pipe and the higher the pumping rate, the higher the 

resistance. Friction losses are expressed in terms of equivalent height and are determined 

by the pumping rate and the size of the pump. The suggested friction losses are around 5 

feet / 100 of pipe. For best operation, use large pipes to reduce frictional losses [Braimah, 

2004].  
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Thus, TDH = static head + loss of head. 

To determine a pump horsepower use the following equation 

  
 

µ*3960

** SHQ
P =                  (2.2)  

 
 
 
where, 
 
P = Power, hp 

Q = Flow Rate, gpm 

S = Specific Gravity of fluid 

H = Head height, ft 

µ= Efficiency coefficient 

 

In order to calculate the pumping rate of the pump in gallons per minute (GPM), 

the following equation can be used: 

 

 
min60

hour
x

hourssunpeak

daypergallons
GPM =        (2.3) 

 

For instance, if 1500 gallons per day are required, and it has been determined that 

the site has 5 peak sun hours per day during summer time, the pumping rate is 5 gpm. A 

friction loss table (see Appendix A), uses the pumping rate and the inside diameter of the 

pipe to give a friction loss in terms of vertical feet for every hundred feet of pipe. 

Furthermore, if 300 feet of ¾ inch at 5 gpm is used, it is necessary to add 5.78 X3 = 

17.34 feet to the sum of the static lift and height. 
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2.7.3 Pump size and PV array 

To establish pump size and PV array, it is convenient refers to the charts provided 

by the manufacturer to determine the specific pump and the size of the PV array. The PV 

array needs to be specified in terms of wattage and voltage:  

Watts= amp*Voltage. 

It is a standard procedure to increase the specified wattage by 25% to compensate for 

power losses due to high heat, dust, aging etc. [NYSERDA, 2003]. 

 

2.8 Nozzles and filters. 

Because water obeys the laws of physics, there are a limited number of basic 

water patterns that can be implemented. There are three basic types of water patterns: 

Aerating Nozzles, Solid Stream Nozzles and Sheets of Water Nozzles. All other effects 

are variations and/or combinations of these three.  

The unmatched reflective value of the Aerating Nozzle makes it the most versatile 

effect, well defined in both daylight and at night. Air and water from the pool are 

aspirated to create the homogenous effect. Operating heights are limited, as pressures 

increase very rapidly in relation to height. Therefore, it is not practical to operate these 

nozzles higher than 50 to 60 feet. In some instances, aerating nozzles may cause a surge 

or wave action in the pool, resulting in water being emptied from the pool. Baffles on the 

floor of the pool running to just above the water level are used in this case to dampen the 

wave action. Figure 2.15 shows Aerating nozzle application. 

Solid Stream Smooth Bore Nozzles are designed to supply a confined solid stream 

of water from the nozzle tip to the apex without breakup or dispersion. Used singularly or 

in groupings, Smooth Bore Nozzles can form circular and extended patterns in Spray 

Rings, Spray Bars, Water Castle Nozzles and other configurations as shown in Figure 

2.16. These Solid Stream Smooth Bore Nozzles require less head pressure than Aerating 

Nozzles, but more GPM. The visual effect is not as vivid or reflective as the air induction 

type nozzles; however, the Smooth Bore gives much sharper definition and more mass.  
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Figure 2.15: Aerating Nozzle Application [justliners.com, 2005]. 

 

 

 

 

Spray Ring water patterns are available in a vertical configuration, inside or 

outside drops, basket weaves and many other possibilities. Spray Rings can be intermixed 

one inside the other, or several placed at different locations in the pool. Single Smooth 

Bore Nozzles are generally used in larger orifice sizes from 3/8" up, where height is 

desired. One of the nicest effects is achieved using large Smooth Bore Nozzles in a 

vertical effect, with water falling down on itself. . Some basic suggestions regarding 

selection of nozzles are: 

• Use small orifice nozzles in intimate settings such as courtyards and small atriums 

where they will not be viewed from great distance. 

• Use heavy duty spray rings and other medium-to-large orifice jets when fountains 

will be seen long distance. This choice also helps prevent wind distortion. 

• Some of the most pleasing and elegant water effects have been achieved using 

very large nozzles operating at low to moderate height. The use of a single large 
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nozzle is generally preferred over several smaller effects, as the water pattern 

produced is far more massive with no disintegration. 

These recommendations can be beneficial from both an economic and aesthetic 

perspective. 

 
 
 
 

 

 

 

Figure 2.16: Solid Stream Smooth Bore Nozzles  [fountaincomponents.com, 2005]. 
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CHAPTER 3 

 

 

 

DESIGN AND EXPERIMENTAL PLAN 

 

3.1 Design of the aeration system 

 
The three primary components for producing electricity using solar power are: 

solar panels, charge controller, and battery. Solar panels charge the battery, and the 

charge regulator or linear current booster (LCB) insures proper charging of the battery. 

The SPOWF was designed into two main parts: the fountain and the aerator. The fountain 

adds oxygen to the lake by exposing the water to the air. The aerator provides air to the 

body of water by using an air supply line from an air compressor. A different electrical 

circuit will be designed for each part. Solar panels and batteries required were placed on 

shore and the loads were located off shore. Additionally, the loads of the SPOWF include 

a submersible pump, a surface pump and the air compressor.  

 

3.2. Design of the fountain 

3.2.1  Solar array sizing 

To determine the number of solar panels required, it was necessary to know the 

total amps hour per day of the load. It was established that the fountain should run for 12 

hours daily. The loads for the fountain are shown in table 3.1. 

 

Table 3.1: Loads for the Fountain. 

 

Description Volts Amps Watts Amp –hour /day 

Submersible pump 24 4 96 48 

Surface pump 24 6 144 72 

 

 33



 

To compensate losses from battery charge / discharge a 1.2 factor was introduced. 

In this way, the total amp-hour per day becomes  

     
 

(120 Amp –hour /day ) x  1.2 = 144 Amp –hour /day       (3.1) 
 
The estimated average sun hours are 6 per day according to Appendix B peak sun- hours 
table. 
 

Consequently, the total solar array amps is 
 

    
hours

dayhourAmp

6

/144 −
 =   24 Amp           (3.2) 

     
According to the manufacturer, the peak amps of solar module used is 8.1 amps / module 
 
Hence, the total number of solar modules in parallel required is 
 

  
uleAmp

Amp

mod/1.8

24
 ≈  3 modules in parallel                    (3.3) 

 
Additionally, the number of modules in each series string to provide direct current  

(DC) battery voltage for 24 Volts application is 2.0 

 
As a result the total number of solar modules required is 3 x 2.0 = 6 modules to 

power the floating fountain. 

 

3.2.2 Sizing power batteries 

The Deep Cycle batteries are designed to be discharged and then re-charged 

hundreds or thousands of times. Like solar panels, batteries are wired in series and/or in 

parallel to increase voltage to the desired level and increase amp hour.  

A big issue related with the use of solar energy is the vagueness of the 

availability. The battery should have sufficient amp hour capacity to supply needed 

power during the longest expected period  “no sun” or extremely cloudy conditions. The 

capacity of the batteries was determined by first deciding the number of days they need to 

run the loads without sun. An average of 3 days per week without sun was chosen. 
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The total average amp hours per day obtained from the system load was  

144 Amp – hour /day.  

 

Therefore, the total amps required is  

 

  (144 Amp – hour /day) x 3 days = 432 Amp-hour                   (3.4) 

 

To maintain a 20% reserve after a deep discharge period, the total amps required 

was divided by 80%. In this way, 

 

%80

432 hourAmp −
 = 540 Amp-hour.                 (3.5) 

 
 

Using 12 volts 145 Amp –hour / battery, the number of batteries becomes 

 

  
batthourAmp

hourAmp

/145

540

−
−

  ≈ 4 batteries connected in series              (3.6) 

 

3.2.3 Sizing wire 

  
To achieve maximum efficiency from the power system, care must be taken to 

avoid under sizing wire between various components. It is convenient to use a larger wire 

size to maintain no more than a 2 - 3 percent voltage drop regardless of the system 

voltage [Solar4power.com, 2005].   

 The increase in cost of the next larger size is usually inconsequential to the 

overall costs in which its performance may be affected over the life of the system. 

Furthermore, improperly sized wire can shorten the life of the electrical components.  

 Table 3.1 shows the maximum one-way distance for different wire gauge, voltage 

and current combinations based upon a 5% loss for 120v and 24v. 
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Table 3.2: Maximum one –way Distance for Various Wire Gauges [Solar4power.com, 2005]. 
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The SPOWF will be located 25 feet from the battery; the short circuit current (Isc) 

is 8.1 amp. Each of two modules will be connected in parallel and all of them will be 

connected to the linear current booster in series.  

 

 

As a result,  

8.1 amps * 3 = 24.3 amps will be generated by the solar array.       (3.7) 

 

Using the 24 volts section in Table 3.2, locate a value equal to or greater than 24.3 amps 

from the left column, follow a line to the right until a distance at or above 25 feet is 

found. At this point, 25 amps at 36 feet is the best selection (for no more than 5% loss) 

indicating a wire size of # 8 AWG. 

3.2.4 Sizing the charge controller  

A charge controller monitors the battery's state-of-charge to assure that when the 

battery needs charge-current it gets it, and also insures the battery is not over-charged. 

Charge controllers (or often called charge regulators) are rated based on the amount of 

amperage they can process from a solar array. If a controller is rated at 15 amps, it means 

that up to 15 amps of solar panel output current to this one controller can be connected.  

Therefore, the SPOWF demands a charge controller with a minimum of 24.3amp 

x 125% = 30.375 amp, and the nearest available size controller is a 30A unit. 

 The final electrical design for the fountain is shown in Figure 3.1 

3.2.5 Sizing the pumps 

A submersible pump-type generally pushes water more slowly than other types of pumps, 

but have a good performance under low power condition, and can achieve high lift 

[NYSERDA, 2003]. From Table 3.3, the total vertical lift for this unit is 230 feet with a 

flow rate of 82 gallons per hour (GPH). This pump is a positive displacement 3-chamber 

diaphragm pump with the following technical specifications: 

• Voltage: 24 V DC 

• Power: 120 Watts 
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• Amps: 4.0 Max 

• Maximum lift: 230 feet 

• Pressure: 100 psi Max 

• Outlet port: ½ inch 

 
 
 

 

            

            

            

            

             

 

 

 

 

 

 

 

 

 

Figure 3.1. Schematic Diagram of the Fountain (showing how the panels, batteries, and 

actuator are connected). 

 

 
 
 

A Flexible ½ inch blue polyethylene pipe was chosen. It should have at least a 

100-psi rating. This flexible pipe allows easy installation and removal by hand, without 

the need to disassemble joints every 10 feet. 

Using a similar approach, the characteristics for the surface pump are: 
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• Voltage: 24 V DC 

• Amps: 6.0 Max 

• Maximum lift: 30 feet 

• Pressure: 45 psi Max 

• Outlet / Inlet port: ½ inch 

• Flow: 5.3 GPM 

 
 

Table 3.3: Direct Current Voltage Flow Chart [Shurflo, 2003]. 

 

Total 

Vertical Lift 

(Feet) 

Flow Rate 

Per Hour 

(Gal) 

Solar array size 

Minimum Total Power Rating

(Watts) 

Current 

Amps 

20 56 22 1.2 

40 54 28 1.5 

60 52 33 1.8 

80 50 37 2 

100 49 40 2.1 

120 47 45 2.4 

140 46 51 2.7 

160 44 56 3.0 

180 43 61 3.3 

200 41 64 3.4 

230 36 72 3.9 

 
 
 
 

3.2.6 Sizing the pressure tank 

A pressure tank is a steel tank with a bladder inside. The top part of the tank is 

filled with air under pressure, and the bottom is where the water is stored. The air 
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pressure in the top keeps the pressure up in the tank, preventing pressure pump from 

running every time the water is jet out. Pressure tanks vary in size from under one gallon 

up to several hundred gallons. Considering the pressure and flow rate of the pumps, a 35-

gallon water tank was chosen.  

Additionally, a pressure switch and a pressure gauge were attached to the tank. A 

switch "cut-in 30 psi / cut-out 50 psi" was selected. The setting determines the pressures 

at which the pump turns on and off. The cut-out adjustment is also called "differential", 

since it sets the difference between cut-in and cut-out. It is desirable to use the lowest 

pressure that will satisfy the flow requirements. The lower the cut-out is set, the less 

power the pump will require and the more water the pressure tank will store. 

 
3.3. Design of the aerator 

3.3.1 Electrical design  

Using a similar methodology above described, the electrical characteristic for the aerator 
are: 

• One 7.2 amp solar panel 

• One 6.0 amp air compressor 

•  20 feet #12 AWG wire 

• One 15 amps charge regulator. 

• One 12 Volts battery 

• One plastic case 

 

3.3.2 Mechanical design 

A 5-inches diameter, 5.5 feet long PVC pipe was chosen, and a 90˚ elbow was 

glued at the top of the pipe to conduct the bubbles from the bottom to the surface of the 

lake. Afterward, four radial holes were drilled six inches from the end of the pipe in order 

to place the air stones, and by using plastic fittings; the actual air stones were 

interconnected to a 3/8-inch flexible hose. Finally, this hose was connected to the air 

compressor located on top of the fountain as shown in figure 3.2.  
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To keep the 5-inches diameter pipe attached to the structure of the fountain, some 

models were previously studied.  

The first model considered a specific stationary point in the lake. A 4-inches 

aluminum pole could go buried directly to the bottom of the lake, and this pole attached 

to the fountain as shown Figure 3.3. A weakness of this option is that the SOPWF will 

not be mobile, now that if the fountain were to be moved out, additional manpower and 

equipment would be necessary to remove.  

 
 
 
 

  
 

 

Figure 3.2: Special Aeration System Designed for the Floating Fountain 
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The first model considered a specific stationary point in the lake. A 4-inches 

aluminum pole could go buried directly to the bottom of the lake, and this pole attached 

to the fountain as shown Figure 3.3. A weakness of this option is that the SOPWF will 

not be mobile, now that if the fountain were to be moved out, additional manpower and 

equipment would be necessary to remove.  

 
 
 
 
 

 

    

Figure 3.3: Floating Fountain with Stationary Pole. 

 
 

 

 
The second approach involves a metal support attached underneath the fountain. 

This option provides mobility, however the dimension of larger support that goes from 

one side of the structure the to the 10-inches pipe, will be 6.4 feet, becoming awkward to 

place the fountain in the lake. Figure 3.4 shows this option. 
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Figure 3.4: Floating Fountain with Support Underneath. 

 

 

 

 

The final model has two 3” x 1/8” aluminum flat bar. One side welded to the 

SPOWF aluminum structure, and the other side screwed to the pipe as showed in Figure 

3.4. If some maintenance activity is required, the wing nuts can be loose, take the pipe off 

and accomplish the maintenance required as shown Figure 3.5. 
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Figure 3.5: Floating Fountain Final Design. 

 

 

 

 

 

 

3.4. Float buoyancy analysis 

 
According to Braimah [Braimah,2004], “the capacity of the float used for the 

system is 1000 lbs. This means that it is capable of carrying load (including the weight of 

the float itself) up to 1000 lbs and still float in water or any liquid medium without 

sinking”.  

This statement was evidenced in the Innovation Park Lake as shown in Figure 

3.6..The float dimensions (in feet)  is (Length x width x height) 4x4x1, and just one 

quarter of its length was in contact with the water. 
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Figure 3.6: FAMU-CCET Personnel Inspecting SPOWF Floating on Innovation Park Lake. 

 
 
 
 

3.5 Operation of the SPOWF 

 
The solar panels are connected in parallel and in series to generate the electricity 

needed to power the pumps. Because of the low flow capacity of these pumps; water 

must be accumulated in the tank so that it should be released under specific conditions. 

When the system is turned on, both pumps constantly pumps water into the water tank 

through the one-way valve. As the water flows into the tank, the pressure in the tank 

increases until is up to 50 psi. As soon as the pressure is reached, allows the water to flow 

out of the nozzles. The flow stops when the pressure is below 30 psi, and the pressure 

switch shuts off to rebuild the pressure in the tank. This sequence is continued as long as 

there is enough current flow to power the loads.  

The purpose is to maximize the daily water delivery, however the voltage output 

of the PV panels is often too low to run the pumps under these conditions, so the 

controller boosts the voltage enough to run the system. The linear current booster (LCB) 
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works by controlling the current from two batteries, especially under low light conditions, 

cloudy days, and early morning or late evening. 

 

3.6 Experimental plan overview 

 

The objective for designing this experiment was measuring the Dissolved Oxygen 

in the Innovation Park lake in Tallahassee. The Cause-and-effect diagram is also known 

as fishbone diagram because the “effect” of interest or the response variable is drawn 

along the spine of the diagram and the potential causes or design factors are organized in 

series of ribs. This technique was very useful for organizing some of the parameters 

involved during the process characterization. Figure 3.7 shows the cause-and effect 

diagram for the Solar Powered Floating Fountain.  

 
 
 
 

 
 

 

 

 

Figure 3.7 Diagram Cause-and-effect for the Solar Powered Floating Fountain 
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From Figure 3.7, the factors were classified as design factors, held-constant 

factors and nuisance factors. The design factors were 

• Depth of the water 

• Location 

• Time of Day 

• Presence or Absence of the Solar Powered Floating Fountain. 

The held-constant factors were variables that could modify the response, but for 

purpose of this experiment, these factors were not of interest, so they were held at their 

specific level. Some of them were: 

 

• Filters 

• Fountain 

• Solar panels 

• Pumps 

 

Nuisance factors, on the other hand may have large effect that must be account 

for. The nuisance factors considered in this experiment were 

• Barometric pressure 

• Temperature of the water 

• Cloudiness 

• Air temperature 

 

3.7 Safety 

 

This section provides a brief overview of important safety information concerning 

the handling and operating of the Solar- powered Floating Fountain. Always, put safety 

first. 

• Be careful when working with batteries. Wear eye protection. Have fresh 

water available to wash and clean any contact with battery acid 

• Explosive battery gases can be present during charging. Be certain there is 

enough ventilation to release the gases 
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• Use insulated tools and avoid metal objects near the batteries 

• Ensure that the system is properly grounded 

• Observe all precautions when working with batteries and power 

• Avoid touching the Linear Current Booster heat sink. Under certain 

conditions, the heat sink can become hot 

For better performance of the Fountain, the following precautions must be 

observed. 

• There should be enough water in the lake or pond (at least five ft deep) 

• The system should be located into the lake by using a proper boat 

capable to pull the unit into it. A strong rope should be used for this 

purpose. Care must be taken to attach the aerator system to the 

structure. 
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CHAPTER 4. 

 

STATISTICAL ANALYSIS 

 

4.1 Dissolved Oxygen measurement 

 
The apparatus used to measure dissolved oxygen (DO) was the floating fountain; 

a portable weather station located close to the fountain was used to obtain readings of 

four weather variables: barometric pressure, air temperature, cloudiness, and wind speed; 

and the measuring instrument (dissolved oxygen meter). The dissolved oxygen meter 

provided not only the reading of the concentration of dissolved oxygen, but the depth and 

temperature of the water. The measurement was done every day at 7:00 AM and 1:00 PM 

during 20 days consecutively during October and November 2005.  The initial plan was 

to place the fountain in the center of the pond.  However, due to logistic reasons (inability 

to obtain liability insurance coverage for a boat, per Innovation Park requirements), the 

fountain had to be placed near the edge of the pond so that it could be accessed from 

land.  As a result, the fountain was anchored off a pond-side deck such that the locations 

(distances from fountain) to check the dissolved oxygen were also accessible from the 

deck. Figure 4.1 shows the sketch of the final location of the fountain. 

 

4.2. Statistical analysis of Dissolved Oxygen 

 
A few trials were run prior to conducting the experiment. These runs provided 

valuable information about consistency of experimental procedure and reliability of the 

measurement system.  Furthermore, the trial runs gave a rough idea of variability and 

enabled a standard experimental procedure to be established.  

A design of experiments (DOE) approach was used for data collection.  The 

design factors were depth of the water, distance from fountain, time of day, and presence 
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or absence of the solar powered floating fountain. The response variable was 

concentration of dissolved oxygen (DO).  In addition, uncontrollable environmental 

conditions, or nuisance factors, were monitored during data collection.  Tables 4.1 and 

4.2 show the factor levels of the experimental set up and the nuisance factors, 

respectively.  

 
 
 
 

 

 

 

 

Figure 4.1: Sketch showing Final Location of the Floating Fountain. 

        
        

        

 

 

 

 

 

 

 50



Table 4.1: Factor Levels 

 

       Natural Units Coded Units 

Factor High Level Low level High Level Low level 

Depth (D) 5 feet 1 foot +1 -1 

Location (L) 5 feet 25 feet +1 -1 

Time of day (T) 7:00 hours 13:00 hours +1 -1 

Fountain (WP) Yes No Categorical 

 

 

 

 

Table 4.2: Nuisance Factors  

  

Barometric pressure

Water temperature 

Cloudiness 

Air temperature 

Wind speed 

 
 
 
 

The data collection regime followed a split plot experimental design.  Split-plot 

designs are used when some of the factors of interest may be 'hard to change' while the 

remaining factors are easy to vary. As a result, the order in which the treatment 

combinations for the experiment are run is determined by the ordering of these 'hard-to-

change' factors. The difficult-to-change factors are called whole plot factors (WP), and 

the ‘easy-to-change’ factors are called subplot factors (SP).  

The general linear model for a split plot design considering a two-factor 

experiment with one WP factor and one SP is: 

 

Yik  = µ+  ιi +  νij + k + (ι )ik + ijk                     (4.1)  

where  

ιi represents the whole plot factor       
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νij is the whole plot error term 

k refers to the subplot factor 

(ι )ik is the whole plot by subplot factor interaction and 

ijk represents the subplot error term [Montgomery, 2005]. 

Fountain status was considered to be a hard-to-change factor because a waiting period 

was required for DO level to equilibrate once the fountain was turned on or off. 

Consequently, this was called the whole plot factor.  The other three factors were 

randomly assigned to whole plot fountain replicates in a 23 factorial, with alternate half 

fractions in each subplot (Figure 4.2).  The complete data set can be seen in Appendix C.  

Because each SP contained a 23-1 fractional factorial, the main and two-factor interaction 

effects for the SP factors were confounded.  The fountain WP effects were not 

confounded with other effects; since the primary goal of this experiment was to show that 

the main effect for fountain was statistically significant (i.e., the fountain increased DO 

level when on), the confounded subplot effects were not of large concern.  Analysis was 

performed using MINITAB™, v. 14 following the procedure outlined by Simpson et al. 

[Simpson, 2004]. 

  
 
 
 

  

                         

Figure 4.2: Split Plot Design with one whole plot and 3 subplot factors.  
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4.2.1 Split plot design  

An initial model, where the whole plot terms are combined while the sub plot 

terms are listed separately, is presented in formula 4.2.  Two model error sources are 

included, one for whole plot terms and the other for subplot terms. This model was 

obtained by performing a standard least squares regression on a reduced form of the 

general model.   

 

DO =   β0+  ωWP + βD XD + βL XL + βT XT + βON*D X ON*D + β ON*L X ON*L + β ON*T X ON*T  

+ β OFF*D X OFF*D + βOFF*L X OFF*L + β OFF*T X OFF*T + βD*L X D*L + β D*T X D*T  

+ β L*T X L*T + β(D
2
 + L

2
) X(D

2
 + L

2
)  + β(D

2
 + T

2
)  X(D

2
 + T

2
)  + β(L

2
 + T

2
)  X(L

2
 + T

2
)   

+ δ + ε         (4.2) 
     

where 

ωWP:  Combined set of whole plot terms 
D:  Depth 
L:  Location 

T:  Time of day 

δ:  Whole plot error δ ~NID (0, σ2
δ )  

ε:  Subplot error ε ~ NID (0, σ2) 

    Cov (δ , ε)= 0 
 

A second model, where of the whole plot treatment term is decomposed into 

single degree of freedom components and coefficients, is presented in formula 4.3.  This 

model was obtained by performing a standard least squares regression on a reduced form 

of the general model.   

 

DO =   β0+  βON X ON + β OFF X OFF + β ON*OFF X ON*OFF + β ON
2

+OFF
2
( X

2
ON + X

2
OFF) 

            + βD XD + βL XL + βT XT + βON*D X ON*D + β ON*L X ON*L + β ON*T X ON*T  

+ β OFF*D X OFF*D + βOFF*L X OFF*L + β OFF*T X OFF*T + βD*L X D*L + β D*T X D*T  

+ β L*T X L*T + β(D
2
 + L

2
) X(D

2
 + L

2
)  + β(D

2
 + T

2
)  X(D

2
 + T

2
)  + β(L

2
 + T

2
)  X(L

2
 + T

2
)   

+ δ + ε         (4.3) 
where, 
 ON:  Fountain on 
 OFF:  Fountain off 
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Statistical significance for each whole plot term is calculated manually by performing an 
F-test as follows: 
 
 FON = MSON  FOFF = MSOFF  FON = MSON*OFF  
                       MSδ   MSδ   MSδ 

4.2.2 General linear model fit for dissolved oxygen. 

According to Simpson et al, “MINITAB was not designed to automatically analyze split–

plot factorial experiments but can handle most first –order models with relative ease. In 

terms of developing this model, for implementation in the software, columns need to be 

constructed in the dataset to be used in model formulation (this is to trick the software in 

dealing with the center points correctly). The linear terms are just the setting of the factor 

in the experiment, in coded units. The interactions are found by multiplying the 

associated main effects in coded units” [Simpson et al, 2004]. The  α value used for this 

experimentation was 0.05. 

From Table 4.3, the most significant terms were the main effects such as:  depth 

of the water, distance from fountain, time of day, and presence or absence of the Solar 

Powered Floating Fountain.  

Also, there were significant interactions between Fountain and depth of the water, 

Fountain and time of day. The significance of these factors is also supported by the p-

values obtained from Table 4.3. Each of these p-values for their respective factors is less 

than 0.05, making the overall model performance significant.    

Therefore, the Solar Powered Floating Fountain affects the dissolved oxygen 

content in the water. The overall model resulted in an R2 value of 0.9114.  This indicates 

that more than 91 percent of the variability in dissolved oxygen is explained by the 

model.  The adjusted R2 resulted in a 84.7%.  The adjusted R2 value is penalized by 

additional model terms.  Because the adjusted R2 value is fairly close to that of the R2 

value, this indicates that unimportant terms were not included in the model. 
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Table 4.3: General Linear Model fit for Dissolved Oxygen in terms of mean squares, statistical test, 

and model coefficient values.   

 

Source DF Seq SS Adj SS Adj MS F P 

Fountain 1 34.5582 34.5582 34.5582 141.3 0.007 

     WP Error
a

2 0.4891 0.4891 0.2446 0.55 0.59 

Depth 1 2.3333 2.3333 2.3333 5.29 0.042 

Location 1 5.0738 5.0738 5.0738 11.5 0.006 

Time_of_day 1 2.0235 2.0235 2.0235 4.59 0.055 

Fountain*Location 1 3.3948 3.3948 3.3948 7.7 0.018 

Fountain*Time_of_day 1 2.0521 2.0521 2.0521 4.65 0.054 

     SP Error
b

11 4.8515 4.8515 0.441     

Total 19 54.7763         
 

a
WP Error was used in the denominator of the F statistic to test the Fountain main effect; 

b
SP error was used in the 

denominator of the F statistic to test all other effects. 
 
 

 
 
 

S R-Sq R-Sq(adj) 

0.664115 91.14% 84.70% 

Term Coef SE Coef T P 

Constant 6.1465 0.1485 41.39 0 

Fountain         

-1 -1.3145 0.1485 -8.85 0 

(Fountain)Rep         

-1       1 -0.212 0.21 -1.01 0.334 

1       2 0.063 0.21 0.3 0.77 

Depth -0.3819 0.166 -2.3 0.042 

Location -0.5631 0.166 -3.39 0.006 

Time_of_day 0.3556 0.166 2.14 0.055 

Fountain*Loc -0.4606 0.166 -2.77 0.018 

Fountain*Tim 0.3581 0.166 2.16 0.054 

 
Unusual Observations for DO: 
 

Obs DO Fit SE Fit Residual St Resid

8 6.1 7.398 0.297 -1.298 -2.19 R 

13 6.3 7.524 0.297 -1.224 -2.06 R 

 
R denotes an observation with a large standardized residual 
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4.3. Diagnostic Tests 

 
Residual diagnostics were performed on the selected model.  Results are 

summarized in Figure 4.3. 
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Figure 4.3: Residual Plot for Initial Raw Data.   

 
 
 
 

The normality assumption appears to be violated based on the Normal probability 

plot of residuals in Figure 4.3.  Box-Cox transformation was applied to the data; 

however, the transformation did not correct the problem.  There was no presence of 

leverage or high influential points. The residual versus the fitted values plot do not point 

out violations in constant variance.  The two points with high residual values correspond 

to the two pseudo-center points when the fountain is on.  This suggests that the true 

model may contain curvature.   
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4.4 Results 

4.4.1 Estimated general linear model for dissolved Oxygen. 

The model estimated for dissolved oxygen through this research is given as:  
 

DO = 0 + 1*fountain status + 2*water depth + 3*distance from fountain  

+ 4*time of day + 13*fountain status*distance from fountain  

+ 14*fountain status*time of day + i+ ij,               (4.4) 

where i is the error associated with whole plot i and ij is the error associated with 

subplot observation j in the ith whole plot. 

 The estimated model equation in terms of natural variables with all the 

statistically significant terms is given as 

DO =  6.0413 -1.47213 Fountain OFF-0.38188Depth of water -0.56312Location  
         

        + 0.35563Time of Day -0.46063Fountain ON*Location  

         +0.35812FountainON*Time    of day                                        (4.5)  

4.4.2. Model Graphs 

The model graphs were used to determine how changes in each factor affected the 

dissolved oxygen concentration in the water and which factors interact with one another.  

Figure 4.4 shows the impact of main effect fountain for each whole plot in order 

of observation.  During the first five days, there was absence of fountain and the median 

of DO was 4.6 mg /L. Next, the fountain was ON for 10 days (two more whole plot 

observations) and the median DO concentration changed from 4.6 to 7.1 mg /L for both 

whole plots observations. Finally, the last five observations were collected with the 

fountain OFF showing a decrease in dissolved oxygen, with a median value of 4.95 mg / 

L. 
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Figure 4.4: Box plot of DO concentration during the experimentation process.   

 

 
4.5 Final Model.  

 
It can be observed from Figure 4.4 that variability from subplot 4 is large 

indicating that there was an effect of the fountain along time. This box plot suggests that 

new measurements would be recorded in order to check independency among subplots. 

During four consecutives days using the same set up previously randomized, new 

observations were collected, and the new raw data collected are shown in APPENDIX C.  

The new Analysis of Variance (ANOVA) shown in Table 4.4 shows that the most 

significant terms were: the main effects distance from fountain, time of day, and presence 

or absence of the Solar Powered Floating Fountain.  
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Table 4.4 : Analysis of variance for new data collected   

  

Source DF Seq SS Adj SS Adj MS F P 

Fountain 1 40.0728 40.0728 40.0728 1969.66 0.001 

Rep(Fountain) 2 0.0407 0.0407 0.0203 0.05 0.951 

Depth 1 0.7613 0.7613 0.7613 1.87 0.201 

Location 1 4.3995 4.3995 4.3995 10.84 0.008 

Time_of_day 1 2.0378 2.0378 2.0378 5.02 0.049 

Fountain*Location 1 3.99 3.99 3.99 9.83 0.011 

Fountain*Time_of_day 1 2.0378 2.0378 2.0378 5.02 0.049 

Fountain*Depth 1 0.3278 0.3278 0.3278 0.81 0.39 

Error 10 4.0602 4.0602 0.406     

Total 19 57.7277         

 

 

 
S R-Sq R-Sq(adj) 

0.6371 92.97% 86.64% 

 
 

The interactions between Fountain and time of day also were significant. The 

significance of these factors is also supported by the p-values obtained from Table 4.4. 

Each of these p-values for their respective factor is less than 0.05, making the overall 

model performance significant.  Therefore, the Solar Powered Floating Fountain affects 

the dissolved oxygen content in the water. The overall model resulted in an R2 value of 

0.9297.  This indicates that 93 percent of the variability in dissolved oxygen is explained 

by the model.  The adjusted R2 resulted in a 86.64%.   

 
4.6. Diagnostic Tests 

 
Residual diagnostics were performed on the selected model.  Results are 

summarized in Figure 4.5. The normality assumption appears to be violated based on the 

normal probability plot of residuals in Figure 4.5.  As mentioned previously, Box-Cox 

transformation did not correct this problem.  However, least squares estimation and 

inference are robust to violations of the normality assumption (Montgomery, 2005). In 

addition, the plot of residuals versus order of data shows two unusual observations 

indicating potential outliers. These two points correspond to observations 8 and 13 with 

standardized residuals of -2.19 and -2.06 respectively as shown in Figure 4.5.  Because 

the magnitude of these standardized residuals are less than –3, the model could hold 
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variance assumptions [Montgomery, 2004]. There was no presence of leverage or high 

influential points. The residual versus the fitted values plot do not point out violations in 

constant variance.  The two points with high residual values correspond to the two center 

points when the fountain is on.  This suggests that the true model may contain curvature.   
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Figure 4.5: Residual Plot for Final Model. 

 
 
 
 
4.7 Reexamination of Residuals when Outliers Removed. 

 
In trying to improve the model, observations 8 and 13 (pseudo-center points) were 

deleted from the model to investigate change in model fit with these two points removed.  

The new analysis of residuals reveals no problem with normality as it can be seen in 

Figure 4.6. The straight line in the new normal probability plot was determined by eye, 

concentrating on the end of the data.  The fact that removal of the pseudo-centers 

 60



improved the normality of the data suggest that curvature exists in the true model.  A 

second order model is likely more appropriate for these data.  However, due to the 

experimental design, a second order model could not be estimated with the available data.  

Additionally, the residuals appear to indicate a pattern of scatter on the display, 

with lower values of predicted DO having more scatter than higher values.  This suggests 

that the variance of the original observations is not constant for all values of the response.  

However, the least squares method is also robust to violations of the constant variance 

assumption.  No influential points were observed. For all this, a transformation of the 

response variable DO was not considered.   

 
 
 
 

Standardized Residual

P
e

r
c
e

n
t

210-1-2

99

90

50

10

1

Fitted Value

S
ta

n
d

a
r
d

iz
e

d
 R

e
s
id

u
a

l

10864

2

1

0

-1

-2

Standardized Residual

F
r
e

q
u

e
n

c
y

2.01.51.00.50.0-0.5-1.0-1.5

6.0

4.5

3.0

1.5

0.0

Observation Order

S
ta

n
d

a
r
d

iz
e

d
 R

e
s
id

u
a

l

18161412108642

2

1

0

-1

-2

Normal Probabilit y Plot  of t he Residuals Residuals Versus t he Fit t ed Values

Hist ogram of t he Residuals Residuals Versus t he Order of t he Dat a

Residual Plots for DO

  

          Figure 4.6: Residual Plots for DO with observations 8 and 13 removed from data. 
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4.8 Final Results of the Research 

4.8.1 Estimated general linear model for final model. 

The final estimated model equation in terms of coded units with all the 

statistically significant terms is given as 

Fountain OFF 

 

DO =  4.63 - 0.5244Location  +  0.3569Time of Day                          (4.6) 
 

Fountain ON 

DO = 6.0455 – 1.0238Location + 0.7138 Time of Day.     (4.7) 
 
Interactions between fountain*location and fountain*time of day are evident in the 

differing coefficient estimates for location and time of day for fountain off vs. fountain 

on models. The response surfaces are shown in Fig 4.7 
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Figure 4.7 Response surface for dissolved oxygen as a function of location and time of day 

when   fountain is on (top) and fountain is off (bottom). 
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In order to predict DO as function of location and time of day, a transformation 

from natural to coded units should be made prior to apply the model showed in equations 

4.4 and 4.5 respectively. 

In general,  

 

Coded units = 
2/][

2/][

MinMax

MaxMinNU

−
+−

      (4.8) 

 

where 

NU, is the value in natural units 

Min, is the (-1) value of the factor in natural units 

Max, is the (+1) value of the factor in natural units. 

 

Table 4. 5 shows an example for calculating DO 12 feet away from the fountain at 9:00 

AM. 

 
 
 
 

Table 4.5: Transforming datum from natural units to coded units 

 

Natural Units Coded Units DO 

Location Time of day Location Time of Day ON OFF 

12 feet 9:00 AM -0.3 -0.33333 6.1147 4.668 

 
 
 
 

4.8.2. Model Graphs for final model 

Because of the first datum for the fourth subplot was collected again after 12 days 

with status of the Fountain OFF, it can be observed that the aeration effect due to the 

Floating Fountain disappeared, consequently the DO came back to the original values as 

shown in Figure 4.8. This new information is valuable because it can be concluded that 

the experiment was time independent.  
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       Figure 4.8: Box plot of DO concentration showing time independent effect. 

 
 
 
 

Figure 4.9 shows the interaction between Fountain and location. When aeration 

system was OFF, the DO concentration was observed to be 4.95 mg / L at 5 feet away 

from the fountain. At the same location when the aeration system was ON, the value for 

DO was 8.8 mg / L. At high level of location (25 feet away from the fountain), the results 

were similar: when the fountain was OFF, the DO was 4.75 mg/ L and when the fountain 

was ON, the DO reached 6.75 mg/L. Note that there was a difference for the center point 

between fountain OFF and ON. The DO changed from 4.75 to 6.2 mg /L, respectively. 
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Figure 4.9: Interaction between fountain and location set up at two levels.   

 
 
 
 
 Figure 4.10 shows the interaction between fountain and time of day.  There was 

an increase in DO at different times of day whether the fountain was ON of OFF.  

However, the magnitude of the increase depended upon fountain status.  When the 

fountain was ON, DO value went from 7.06 mg /L at 7: 00 am to 8.49 mg / L at 1:00 pm.   

When the fountain was OFF, DO changed from 4.75 mg / L to 4.85 mg / L.  As with the 

interaction between fountain status and location, the center point responded differently 

when the fountain was ON compared to OFF mode. 
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Figure 4.10: Interaction between DO and time of day when the fountain is ON and OFF. 

 

 
The accepted minimum level of dissolved oxygen required for aquatic animals is 

6 mg/L [Connel, 1998]. Results indicated that the floating fountain achieved the 

minimum desired level of dissolved oxygen. 

 
4.9 Cost Analysis for the Floating Fountain 

 
 The cost analysis was performed using the following assumptions and type of 

data: 

• The Net Present Worth (NPW) was calculated until 2015, discounted at a real 

rate of 3.0 % per year 

• The maintenance expenditure required one year from now would be $120. 

Assume an annual increase of 4% per year over a ten – year period. 

The methodology defined to approach the cost analysis involved different steps. 

The initial point was obtaining an equivalent NPW of the increasing amounts due to 

maintenance of the Floating Fountain; so a typical increasing Geometric Gradient Profile 

was considered.  
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Once that amount was obtained, the following step was to obtain a Uniform Series 

Present worth; in other words, find “A” given a value of “P”. Finally, the annuity could 

tell the management of the Center for Cutting edge technology, how much money should 

be allocated in order to keep running the Floating Fountain during the next ten years. 

4.9.1 Geometric Gradient 

Let A1 be the first cash flow in the series. Figure 4.11 shows a Geometric Gradient 

Profile. There was no base annuity for a Geometric Gradient. The parameters required are 

interest rate (i), gradient, time (n), and the first cash flow.  

According to Tarquin, the NPW from a geometric gradient is [Tarquin, 2003] 

 

 

NPW = 1
)1(

)1(
)1(

1

A
g

i
g

n

×
−

⎥⎦
⎤

⎢⎣
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+
+−

                         (4.9) 

where, 

g is the growth rate in the series 

A1 is the first cash flow in the series 

 

By replacing the known values 

 

 

NPW = $ 1,217.28 
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Figure 4.11: A Typical Increasing Geometric Gradient profile. 

 
 
 
 

 

On the other hand, the initial cost for the Floating Fountain is shown in Table 4.5. 

Hence, the total NPW at t = space 0 becomes 

Initial investment + operational cost 

Total NPW = $7183.49  +  1217.28  

NPW = $8,400.77. 

 
On the other hand, the total amount of Kw generated for the Floating Fountain is: 

Fountain: (24 V x 8.4 Amp ) x 12 hours = 1.9 kw-hr fountain. 

Aerator:   (12 V x 6.4 Amp) x 12 hours = 0.9 kw-hr, so the total kw-hr is 2.8 kw-

day.  

So, the system as a whole is able to generate 10,220 kw during its lifespan. This 

amount was adjusted in 80%, considering losses during the power generating process. In 

terms of cost per kw-hr  the operational cost becomes 

Cost = $1217.28 / 8176 kw-hr  

Cost = $ 0.15 / kw-hr 
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                     Table 4.6: Initial cost of the Floating Fountain   

Description Cost Subtotal 

Materials    $5,904.49  

Modules  $3,328.00    

Pumps  $   470.00    

Structure  $   676.49    

Tank  $   402.00    

Plumbing  $     65.00    

Compressor  $   240.00    

Batteries  $   167.00    

Hoses & Fittings  $   170.00    

Linear Current Booster  $   276.00    

Wiring  $   110.00    

Labor  $1,279.00   $1,279.00  

      

Total    $7,183.49  
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CHAPTER 5 

 

 

 
CONCLUDING REMARKS AND RECOMMENDATIONS FOR FUTURE WORK 

 

5.1 Concluding Remarks 

 
 The objective of this work was to design and manufacture a solar powered 

floating fountain able of increase the amount of dissolved oxygen in a pond or a lake. 

This unit integrated two different aeration systems: exposing the water to the air and 

simultaneously introducing air to the body of water. With regards to all safety rules 

established before setting up the fountain into the pond, a statistical analysis was 

conducted applying a Split Plot design. Finally an economical analysis was conducted. 

The results of the research are as follows: 

 

1. By using a geometric gradient for an economical horizon of ten years, the cost per 

Kw-hr for the Floating Fountain was 0.15 dollar. This amount is affordable 

considering the enormous benefits to all aquatic life.  

2. The statistical analysis pointed out that there was a positive impact in  amount of 

dissolved oxygen in the pond when  the status of the fountain was ON, meaning 

the solar powered floating fountain adds oxygen to the water and diminishing 

stratification of water into layers, which is not conducive to aquatic life. 

3. The solar system is environmentally friendly because it does not emit any form of 

hazardous waste materials into the body of water.  

4. Mathematical model for dissolved oxygen (DO) in the pond was established. 
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5.2 Recommendations for Future Work 

 
1. The model built suggested that a curvature may exist. In order to refine it, second 

order terms should be considered. The new statistical analysis could develop a 

response surface such that it could demonstrate a better understanding of the 

different main factors and their interactions.  

2. Due to liability considerations during the experimentation process, this model was 

restricted to the various parameters used in its building. The subsequent models 

have to check the dissolved oxygen by placing the floating fountain at different 

locations away from the shore. Same analysis would be valid for depth and 

distance from the center of the unit.  

3. The length of the aerator system was fixed taking into account the actual depth of 

the lake. Considering that the depth of the water is variable, a self-adjustable pipe 

attached to the buoyancy would provide enough robustness to those changes. 

4. Due to time constraints, the optical fiber lights were not installed to the floating 

fountain. This new feature would become more attractive during the night, 

making this unique product more feasible for investors such as residential 

complexes and governmental agencies.  

5. The performance of the floating fountain depends on the intensity of sunlight. 

Incorporating a sun tracking system, more solar energy would be stored in the 

accumulators providing better results during the aeration process.  
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APPENDIX A 

 
FRICTION LOSS TABLE 

 
 
 

GPH*  1/2"  3/4"  1"  1 1/4"  1 1/2"  2"  3"  4"  

60 2.08 0.51 -  -  -  -  -  -  

120 4.16 1.02 0.55 0.14 0.07 -  -  -  

300 23.44 5.73 1.72 0.44 0.22 0.066 0.015 -  

420 43.06 10.52 3.17 0.81 0.38 0.11 0.021 -  

600 82.02 20.04 6.02 1.55 0.72 0.21 0.03 -  

900 -  42.46 12.77 3.28 1.53 0.45 0.07 -  

1200 -  72.34 21.75 5.59 2.61 0.76 0.11 0.03 

1500 -  -  32.88 8.45 3.95 1.15 0.17 0.04 

1800 -  -  46.08 11.85 5.53 1.62 0.23 0.06 

2100 -  -  -  15.76 7.36 2.15 0.31 0.08 

2400 -  -  -  20.18 9.43 2.75 0.41 0.11 

2700 -  -  -  25.1 11.73 3.43 0.51 0.17 

3000 -  -  -  30.51 14.25 4.16 0.61 0.16 

3600 -  -  -  -  19.98 5.84 0.85 0.22 

4200 -  -  -  -  -  7.76 1.13 0.31 

4500 -  -  -  -  -  8.82 1.28 0.34 

4800 -  -  -  -  -  9.94 1.44 0.38 

5400 -  -  -  -  -  12.37 1.8 0.47 

6000 -  -  -  -  -  15.03 2.18 0.58 

7500 -  -  -  -  -  -  3.31 0.88 

9000 -  -  -  -  -  -  4.63 1.22 

10500 -  -  -  -  -  -  6.16 1.63 

12000 -  -  -  -  -  -  7.88 2.08 

15000 -  -  -  -  -  -  11.93 3.15 

* Gallons 

Per Hour         
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APPENDIX B 

 
PEAK SUN HOURS TABLE 

 
 

State City High Low  Avg 

AK Fairbanks 5.87 2.12 3.99 

AK Matanuska 5.24 1.74 3.55 

AL Montgom ery 4.69 3.37 4.23 

AR Bethel 6.29 2.37 3.81 

AR Lit t le Rock 5.29 3.88 4.69 

AZ Tuscon 7.42 6.01 6.57 

AZ Page 7.3 5.65 6.36 

AZ Pheonix 7.13 5.78 6.58 

CA Santa Maria 6.52 5.42 5.94 

CA Los Angeles 6.14 5.03 5.62 

CA Soda Springs 6.47 4.4 5.6 

CA La Jolla 5.24 4.29 4.77 

CA I nyokern 8.7 6.87 7.66 

CO Grandby 7.47 5.15 5.69 

CO Grand Lake 5.86 3.56 5.08 

CO 

Grand 

Junct ion 6.34 5.23 5.85 

CO Boulder 5.72 4.44 4.87 

DC Washington 4.69 3.37 4.23 

FL Apalachicola 5 .9 8  4 .9 2  5 .4 9  

FL Belie I s. 5.31 4.58 4.99 

FL Miam i 6.26 5.05 5.62 

FL Gainsville  5 .8 1  4 .7 1  5 .2 7  

FL Tam pa 6 .1 6  5 .2 6  5 .6 7  

GA At lanta 5.16 4.09 4.74 

GA Griffin 5.41 4.26 4.99 

HI  Honolulu 6.71 5.59 6.02 

I A Am es 4.8 3.73 4.4 

I D Twin Falls 5.42 3.42 4.7 

I L Chicago 4.08 1.47 3.14 

I N I ndianapolis 5.02 2.55 4.21 

KS Manhat tan 5.08 3.62 4.57 
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APPENDIX C 

INITIAL  DATA SET 

 

Day 
Fountain 

Status  Depth Location 
Time of 

day Bar Pres
Air 

temp 
Water 
temp Cloudiness 

Wind 
speed DO

1 No 1 5 13 30.04 65 67.1 0 5 4.5 

2 No 5 25 13 30.05 64 63.5 1 1 4.7 

3 No 1 25 7 29.88 44 67.2 1 0 4.8 

4 No 3 15 10 30.28 64.3 65.1 0 3 4.6 

5 No 5 5 7 30.05 42 64.4 0 2 4.5 

6 Yes 5 5 7 30.3 43 63.68 0 1 6.38

7 Yes 1 25 7 30.35 48 64.67 1 3 7.09

8 Yes 1 5 13 29.93 82.4 76.3 0 2 6.1 

9 Yes 3 15 10 30.04 66.7 71 0 3 9.8 

10 Yes 5 25 13 30.22 72 64.2 0 2 7.62

11 Yes 5 25 13 30.09 75 65 1 1 9.95

12 Yes 5 5 7 30.13 50.2 69.2 1 3 6.42

13 Yes 3 15 10 30.03 72 71.2 0 2 6.3 

14 Yes 1 5 13 30.33 79 73.4 1 1 7.12

15 Yes 1 25 7 30.38 52 78.3 0 1 7.83

16 No 1 5 13 30.24 81 84 1 3 5.92

17 No 3 15 10 30.09 72 77.8 0 3 5.7 

18 No 1 25 7 30.08 52.4 78.7 1 4 4.6 

19 No 5 5 7 30.09 48 67.9 1 5 4.8 

20 No 5 25 13 30.25 72 73 1 5 4.2 
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APPENDIX D 

FINAL DATA SET  

 
 

Day 
Fountain 

on Depth Location 
Time of 

day 
Bar 
Pres 

Air 
temp

Water 
temp Cloudiness 

Wind 
speed DO

1 No 1 5 13 30.04 65 67.1 0 5 4.5

2 No 5 25 13 30.05 64 63.5 1 1 4.7

3 No 1 25 7 29.88 44 67.2 1 0 4.8

4 No 3 15 10 30.28 64.3 65.1 0 3 4.6

5 No 5 5 7 30.05 42 64.4 0 2 4.5

6 Yes 5 5 7 30.3 43 63.68 0 1 6.38

7 Yes 1 25 7 30.35 48 64.67 1 3 7.09

8 Yes 1 5 13 29.93 

 

82.4 76.3 0 2 6.1

9 Yes 3 15 10 30.04 66.7 71 0 3 9.8

10 Yes 5 25 13 30.22 72 64.2 0 2 7.62

11 Yes 5 25 13 30.09 75 65 1 1 9.95

12 Yes 5 5 7 30.13 50.2 69.2 1 3 6.42

13 Yes 3 15 10 30.03 72 71.2 0 2 6.3

14 Yes 1 5 13 30.33 79 73.4 1 1 7.12

15 Yes 1 25 7 30.38 52 78.3 0 1 7.83

16 No 1 5 13 30.24 81 84 1 3 4.6

17 No 3 15 10 30.09 72 77.8 0 3 4.7

18 No 1 25 7 30.08 52.4 78.7 1 4 4.6

19 No 5 5 7 30.09 48 67.9 1 5 4.8

20 No 5 25 13 30.25 72 73 1 5 4.5
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