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ABSTRACT

MODELING AND TESTING OF A MILLIWATT HYDROKINETIC
TURBINE FOR PRESSURE ENERGY HARVESTING

HEATHER P. CANTIN

Technologies such as telemetry and remote sensing systems are com-

monly used to gain information that is not easily obtainable by the re-

searcher. The challenge, however, is that these systems do not have access

to an external power supply once deployed in a desolate location. This

limits their lifespan to the energy density of an on-board battery and cre-

ates a constraint on their sensing capabilities and data resolution. Often

times the batteries are not rechargeable and need to be replaced, which

is especially difficult and costly for marine telemetry systems, as they

are typically encased in epoxy resin to withstand high pressures at depth.

Such systems would benefit greatly from energy harvesting. In the marine

environment, the great pressures that are experienced at depth provide

a vast amount of potential energy that can be harvested. Marine ani-

mals equipped with telemetry tags are the perfect candidates as many

species make frequent dives while foraging or migrating. This energy can

be converted to mechanical and electrical energy with the use of a tur-

bine, which is commonly used for small to large-scale energy production.

However, turbines on the scale needed for this application is not readily

available. There has been an increase in the research of millimeter-scale

turbines for small power generation, but they are usually air or gas pow-

ered and few provide an in-depth analysis of the efficiencies of these sys-
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tems. This thesis focuses on the development and testing of a millimeter-

scale hydrokinetic turbine for harvesting energy for marine telemetry tags

and like-systems. An analytical model is developed using common tur-

bomachinery concepts and compared to experimental results of a turbine

prototype to identify and quantify sources of loss. Each identified loss is

thoroughly explained as it is applied to the model and suggested design

improvements are discussed. The model is used to make predictions of

turbine performance given a higher input pressure for assessment of the

viability of this transduction method for the intended application. The

model and design presented provides useful information for future explo-

ration of miniature turbine technology for powering remote micro-systems

and insight into pressure energy harvesting capabilities.
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Chapter 1

Introduction

1.1 Motivation

Telemetry and remote sensing systems are used extensively by scientists to gain in-

formation about wildlife and the environment within and beyond the Earth’s atmo-

sphere. The technologies used to collect this information typically reside in desolate

locations making it challenging to obtain access to additional power when needed. Al-

though improvements are continuously being made to battery chemistry to increase

energy density, their lifespan ultimately creates a limit on the system’s deployment

time and data resolution [8, 9, 10]. Systems affected by this constraint would benefit

greatly from the development and implementation of energy harvesting methods to

supplement or replace the current power source.

Energy harvesting utilizes an ambient source to convert into useful electrical power

[11]. Energy harvesting research for self-powered devices has grown tremendously

over the last couple decades, as it is an attractive capability for a wide variety of

micro-systems. Some of the most commonly available sources for energy harvesting
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include: motion/vibration, electromagnetic, thermal, pressure gradients, fluid flow,

and solar/light. Harvesting of these sources has been demonstrated on a variety

of products, from biomedical applications, to railway tracks, to wildlife monitoring

devices [12, 13, 14].

Wildlife monitoring is a good example of a technology that is highly affected

by the limitations of their current power source, as the implentation of harvesting

technologies is currently sparse. Increasing the deployment time of these systems

would allow for increased data collection over multiple seasons or even years as the

animal matures [15]. This is important for studying the ever-changing and evolving

migration patterns of wildlife and the state of the surrounding environment over

time. The increased longevity of the technology also decreases the amount of human

interaction with the wildlife, enhancing the safety of the researcher and well-being of

the animal. The limitation of system lifespans is a result of the on-board batteries,

which also contribute greatly to the weight, size, and maintenance or replacement

costs. Fortunately, there is an abundance of harvesting opportunities animals provide

from their behavior, body chemistry, and environment.

The marine biology community, specifically, has expressed their need for alterna-

tive methods of obtaining power for their remote systems and tags [16]. A collabora-

tion with the Costa Lab at the University of California, Santa Cruz has sparked the

initial research of potential energy harvesting methods for marine wildlife telemetry

systems with the Dynamic and Active Systems Lab (DASL) at Northern Arizona Uni-

versity. The main focus of this collaboration has been narrowed down to solar energy,

hydrostatic pressure fluctuations, and fluid flow related to animal motion, as all are

predicted to be viable energy sources for specific species. One of the species the Costa
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Figure 1.1: A marine telemetry tag mounted on a Northern Elephant Seal. Photo by
Dan Costa [2].

Lab studies extensively is the Northern Elephant Seal (Mirounga angustirostris) and

an example of a telemetry tag attached to this species is shown in Figure 1.1.

The focus of this research is the harvesting of energy from hydrostatic pressure

fluctuations, inspired by the frequent diving behavior of various pinnipeds, sea turtles,

and cetaceans. The method of harvesting explored includes an internal, hydrokinetic

turbine derived from turbomachinery and hydropower concepts. However, the pro-

posed system size presents challenges for identifying and quantifying losses that may

be experienced that ultimately affect the efficiency. The focus of this work is on the

initial development of a small and scalable turbine prototype and assessment of the

system’s mechanical power output and efficiency for a given input fluid pressure using

an analytical model. The evolution of the model as losses in the system are identified

is discussed in depth along with the methods used to quantify them. Once the model

results are verified with the experimental data, predictions are made for a higher

input pressure to assess the viability of this system for small power generation. It is

important to note that while the application used in this paper is specific to marine

animals, the work presented here is not limited to that application alone. With the
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growth of technology in ocean exploration comes more opportunities for advancement

of their capabilities and longevity. Systems that may also benefit from pressure energy

harvesting include submersibles, such as autonomous underwater vehicles (AUV) and

remotely operated vehicles (ROV), and diver equipment. Furthermore, any system

which maintains a constant fluid pressure difference could deploy an energy harvester

similar to that presented here. While this work does not present a complete assem-

bly for implementation and instead focuses on the mechanical energy conversion, the

desired future work and applications for this system is discussed.

1.2 Aim of research

The aim of this research is to provide a mathematical interpretation of a hydrokynetic

turbine design and explore the potential of using this technology to power small ma-

rine telemetry and applicable submerged systems with a pressure-differential source.

The contribution of this work combines and modifies the known analysis methods

of common turbomachinery and hydropower systems to adequately model a turbine

prototype on the scale of millimeters. The verification of the analytical model through

experimental testing provides identification and quantification of losses experienced

on this scale. The effects of downsizing on efficiency due to these losses will provide in-

formation for future exploration and implementation of miniature turbine technology

for remote micro-systems.
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1.3 Thesis outline

1.3.1 Chapter 2

In this chapter, literature and additional sourced information pertaining to this re-

search is presented. The chapter begins with a discussion of the various features

and energy expenditure of common marine telemetry tags, followed by current en-

ergy harvesting methods implemented on tags across all wildlife. Notable literature

highlighting pressure energy harvesting methods and applications is also discussed

in depth. Lastly, published microturbine technology inspiring to this research is dis-

cussed, including design, experimental results, and loss analysis.

1.3.2 Chapter 3

The purpose of this chapter is to define the turbine design concept to be used to

transfer pressure energy into harvestable energy. Specifically, the stator and rotor

relationship of the system is defined and expressed in graphical form. The mathe-

matical relationship between key characteristics and velocity components combined

with the momentum equation to determine torque, power output, and mechanical

efficiency is presented. This chapter provides the base of the analytical model.

1.3.3 Chapter 4

This chapter encompasses all contributions to experimental testing of the turbine.

The experimental setup configured for prototype testing is defined. Evolution of

the stator and rotor prototypes is expanded to include losses identified early in the

development stages and how these losses were reduced for future designs. Lastly, the
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experimental test results of the final optimized prototype are presented, analyzed,

and discussed.

1.3.4 Chapter 5

In this chapter, the analytical model is compared to the experimental results and

modified to increase its accuracy in predicting turbine performance. Losses in the

system are further explored and quantified. An in-depth discussion of the methods

and tools used to evaluate each loss is presented, followed by a discussion of any

remaining uncertainties.

1.3.5 Chapter 6

The purpose of this chapter is to apply the analytical model to predict the turbine’s

performance for an intended application. The prediction includes a higher pressure

input than what is tested experimentally. Then the turbine output is theoretically

matched to an off-the-shelf motor/generator to determine the electrical power out

efficiency of the system. The performance results and power provided by the system

is then compared to the energy extracted from the application’s current energy source.

Lastly, a discussion of how the turbine may be integrated into an intended application

is addressed.
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Chapter 2

Literature Review

In order to assess the viability of an energy harvesting method capable of powering

telemetry and remote sensing systems, it is important to complete a review of existing

technologies and understand the tools needed for development of a design. This

chapter includes a collection of information pertaining to pressure energy harvesting

and turbine technology, in addition to a brief look at state-of-the-art energy harvesting

technologies and energy assessment of a potential application.

2.1 Marine bio-logging technology

As the focus of this research is the application of energy harvesting for telemetry

systems in the marine environment, it is important to acknowledge the energy expen-

diture of such systems. The example application here has been narrowed to marine

animal telemtry systems, also known as biologgers, as per request of the biology re-

search community. The three main types of marine biologgers used in the field today,

include recorder tags, position-only tags, and position-and-data tags. Recorder tags
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store the data on-board and therefore, the information can only be retrieved by the

researcher once detached from the animal. These tags consume up to 80 J of energy

per day and have a maximum deployment time of five years [17, 18, 19]. Position-only

tags utilize systems such as the Advanced Research and Global Observation Satel-

lite (ARGOS) network to determine location and/or upload GPS coordinates for the

researcher to view while the tag is still deployed. However, there is a limit to the

amount of sensor data that can be transmitted. The position-only tags consume up

to 150 J of energy per day and have a maximum deployment time of 3.5 years [19].

Lastly, position-and-data tags are of the highest grade of marine biologgers. They

utilize the ARGOS network to provide position information and transmit the data

acquired by the tag, which can include temperature, depth, salinity, etc. While they

offer the ideal system for data collecting, position-and-data tags can consume around

300 J of energy per day for a maximum deployment time of about one year [19, 20, 4].

A plot of the computed daily energy consumption and tag lifetimes can be seen in

Figure 2.1.
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Figure 2.1: Daily energy budget for a wide range of marine biologgers [3]. Energy
estimates are based on Wildlife Computers� tags.
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Figure 2.2: A Wildlife Computers� SPLASH10-F-296 pinniped tag, which utilizes
Fastloc and ARGOS tracking, equipped with depth, temperature, and light sensors
[4].

The objective of integrating an energy harvesting method would be to increase tag

lifetimes, while maintaining the technologies and data collecting capabilities that

is desired by researchers. This would also decrease tag replacement costs for the

biologists, as the batteries, encased in epoxy-resin, are not easily replaced [21]. An

example of a bio-logger commonly used in the field for pinnipeds and sea turtles is

shown in Figure 2.2. The enclosed AA battery is typical of those used in many marine

telemetry tags. The most common cell used by Wildlife Computers� is a Li-SOCL2

battery with an energy density of 4.03 kJ/cm3 [19].

2.2 Energy harvesting for environment and wildlife monitor-

ing systems

The application of energy harvesting has grown tremendously with advancements in

low-power technology and wireless network sensors, while batteries continue to fall
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short due to their limited capacity [22]. Common sources for harvesting include, but

are not limited to, vibration or displacement, thermal, electromagnetic, solar, pres-

sure gradients, and fluid flow [11]. Research and development of vibration energy

harvesting by piezoelectrics has been demonstrated on small telemetry tags for flying

insects and birds [23, 15, 14]. However, specific to environment and wildlife monitor-

ing, solar power by photovoltaic cells is the most common utilized source in the field.

Although still limited, marine, land, and avian species, have been fitted with solar

powered telemetry in the form of various tags and collars [24, 25, 26]. Autonomous

Underwater Vehicles (AUV), which are unmanned underwater vehicles used for a va-

riety of marine applications, have also been equipped with photovoltaic cells in some

cases [27]. An additional harvesting method has been explored for AUVs in which the

propulsion is powered by the ocean temperature variation at depth causing a phase

change in a working fluid [28, 29]. Pressure energy harvesting for remote marine

applications has been explored in previous work as well, which will be discussed in

the following section. Although a number of methods have been explored or are cur-

rently utilized in the field, the implementations are still minimal and it is important

to continue to explore novel ideas, such as pressure energy harvesting, for applications

where other methods may not be viable, particularly in the marine environment.

2.3 Pressure energy harvesting

The vast change in pressure that is available from varying ocean depth provides the

potential for viable energy harvesting. Marine animals present this change in pressure

as many species make frequent dives throughout the day to forage for food during

migration, search for a mate, or obtain oxygen as needed. An example of the vast
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changes in pressure that biologgers see is shown in the diving profile of a Northern

elephant seal (Mirounga angustirostris) in Figure 2.3 [5]. At a depth of 60 meters, the

seal experiences approximately 6.95 atm (102 psia) of total pressure. This data was

derived from the first day of a migration, in which the seal was moving away from

shore, limiting the dive depth to the ocean floor. At sea, Northern elephant seals

typically reach much more extreme depths, routinely about 600 meters, but have

been seen as deep as 1600 meters [30]. The frequency of this deep diving behavior

also demonstrates how many pressure-cycles could be harvested within one day if

the harvesting device is equipped to do so. Figure 2.3 presents an estimated 65 dive

cycles in one day. Shafer et. al. presented a rough estimate of the energy that could

potentially be harvested during the dive patterns of various marine species [31]. The

estimates were based on pressure at a given ocean depth as a measure of energy

per unit volume, or p = ρgh, a calculation independent of a transduction method.

The estimated energy was calculated using a sample volume of 250 cm3, such that

E = pV . For example, a Northern elephant seal reaching a depth of 428 m per dive,

averaging 60 dives per day, could harvest 65 kJ/day with an input pressure of 43

atm. The required efficiency of the harvesting system would only need to be 0.31%

in order to meet an energy target of 200 J/day. Even for more shallow divers, such

as the Leatherback sea turtle (Dermochelys coriacea), an estimated efficiency of only

1.3% would be required for an average depth of 29 m at 10 dives per day. The low

conversion efficiencies emphasize the large amount of pressure energy beneath the

ocean’s surface available for harvesting.

In 2007, Wang et. al. developed a pressure energy conversion system for providing

power to an autonomous seafloor observatory [6]. The system, as shown in Figure
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Figure 2.3: First 24 hours of migration of a Northern Elephant Seal showing depths
and pressures reached below the ocean’s surface. Data provided by The Costa Lab
at the University of California, Santa Cruz [5]. Used with permission.

2.4, is placed on the sea floor at an extensive depth where high pressure exists. A 200

L elastic bladder filled with hydraulic oil is compressed under the seawater pressure

at a controlled rate, driving the oil through a hydraulic motor coupled to an electric

generator to an empty pressure chamber. At a depth of 2400 m, the system resulted

in a conversion efficiency of 63.8% and produced 1180 W of electrical power. Once the

pressure across the system equalizes, the system must be reset. However, to recharge

the system, more power is needed than was generated to pump the hydraulic oil from

the chamber back into the bladder. The system would need to be resurfaced for each

recharge, which defeats the purpose of this stationary energy harvesting system. In

reference to only the power generation stage, the power output of this system depends

greatly on the size of the bladder and pressure chamber, which may present an issue

for use on small telemetry systems. However, small systems also require less energy

and are not stationary, increasing the potential to harvest additional energy rather
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Figure 2.4: System structure of a pressure energy conversion device for powering an
autonomous seafloor abservatory [6]. Used with permission.

than having to reset the system at the expense of the total power output.

Shafer et. al. explored the potential of a similar system for marine telemetry

application [3]. The concept is that as the animal dives, a check valve opens to allow

seawater to flow through a turbine, a micropump in reverse, into a flexible bladder

within a gas-filled accumulator at ambient pressure until the fluid pressure equalizes

across the system. During the ascent, the surrounding seawater pressure becomes less

than the pressure within the accumulator, causing the now compressed gas to push

the fluid within the bladder out through a second turbine into the surroundings to

return to equilibrium once again. During the experimental validation, only the decent

stage was tested and resulted in a maximum efficiency of 2.17% for an input pressure

of 50 psi. It is predicted that the main diminishing factor of the system’s efficiency is

related to the use of the micropump for a purpose in which it is not optimally designed

for. Optimizing a turbine specifically for this purpose suggests a drastic increase in

system efficiency. However, there are no hydrokinetic turbines on the scale needed

currently available on the market and the exploration of such a system’s power and
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conversion efficiency within the science community is minimal. Due to the potential

that is still present in the overall pressure-energy harvesting systems presented above,

a more efficient internal transduction method is deemed worth exploring for micro

applications.

2.4 Microturbine technology

While there is minimal research available regarding hydrokinetic turbines for micro-

systems, there have been multiple studies and development of pressurized air or gas-

driven millimeter-scale turbines. Dental turbine handpieces, for example, have been

used in industry for over 30 years and although they do not power an electrical system,

they directly transfer pressurized air to fast rotational speeds of a drill tip, successfully,

with an impulse turbine diameter of less than 5 mm [32]. These turbines are found

to be approximately 24% efficient with an operating pressure of 2 bar [33]. Figure

2.5 displays one example of the internals of a dental handpiece head [7]. Within the

energy harvesting realm, different styles of air/gas turbines have been explored, such

as radial inflow, mixed inflow, variations of impulse designs, and axial flow. Radial

inflow gas generators have seen efficiencies of 60% for turbine diameters of 6 mm and

10 mm with mass flow rates of 0.28 g/s and 1.53 g/s, respectfully [34, 35].
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Figure 2.5: Internals of a dental handpiece head, including the direction of the pres-
surized air, the turbine rotor, and rotation of the drill tip [7].

An axial flow, impulse microturbine (Figure 2.6(a)), measuring only 10 mm in

diameter, reached a mechanical efficiency of 18% and produced 28 W of mechanical

power at 14.5 psi of compressed air [36]. The microturbine, designed and tested by

Peirs et. al., was created to power small electronic devices and is intended to be run by

fuel in future work. The author broke down the mechanical and electrical efficiencies

into percentages of contributing causes for loss in the system and experimental setup.

The flow chart of the losses can be seen in Figure 2.6(b). Unfortunately, an in-depth

analysis of how these losses were quantified is not included in the discussion, yet

the chart provides a good reference for what may be expected. This lack of in-depth

analysis is perceived to be a common trend in literature pertaining to millimeter-scale

turbine systems. However, many of these systems often include Computational Fluid

Dynamics (CFD) modeling and analysis to compare with a prototype experiment.

While this is a useful, and sometimes quick, tool for quantifying and locating losses,

this does not help the reader understand the system mathematically if a modeling

tool was not available.
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(a) (b)

Figure 2.6: (a) Microturbine prototype, measuring 10 mm in diameter, tested for
powering small electronics and (b) the associated losses identified in the system and
experimental testing [36]. Used with permission.
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2.5 Summary

This chapter presented applicable literature and technologies pertaining to the scope

of this research. As the purpose of this research is driven by the support of the

marine biology community, the current energy expenditure of commonly used marine

telemetry tags was discussed. Optional applicable energy harvesting methods were

presented through examples of technologies explored for or currently implemented

into land, avian, and marine wildlife monitoring devices, which is fairly limited. The

high potential of harvesting energy from static pressure and pressure fluctuations

in the marine environment specifically was explored further with the discussion of

current literature’s pressure energy harvesting assessments and experiments. Lastly,

the proposed transduction method of micro-turbine technology was explored, which

briefly discussed a few of the available design types and their energy transfer or

harvesting efficiencies. A considerable amount of experimental data is available for

various configurations of turbines on this scale, yet more common for air or gas

powered systems. However, the lack of analysis is noted and helps drive the motivation

of this research to contribute further to this field.
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Chapter 3

Design Concept and Modeling

The proposed turbine design and the desirable features it encompasses for application

in marine telemetry systems is presented here. The design is first modeled graphically,

then analytically from the derivation of known fluid dynamics and turbomachinery

methods. The result is a clear understanding of key geometric features and their

relationship with the fluid flow magnitude and direction and an equation for the

torque on the turbine shaft that can be used to model mechanical power output and

efficiency.

3.1 Design concept

The turbine design is inspired by the relationship between the stator and rotor rows

of turbomachinery, as well as the current micro-scale turbine technology mentioned

in previous sections. As the literature review presented, there are various types and

flow configurations of turbines, such as axial, radial, and mixed flow. Depending

on the type, a turbine can result in high rotational speeds with low torques or vice
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versa. When choosing a turbine configuration, the end use of the turbine played a

large role. For implementing a turbine in a harvesting system for a marine telemetry

tag, the turbine would idealy be internal, sealed from the ocean environment, and

constrained to an allowable system size. With these factors in mind, an axial flow

turbine presented a feasible option due to the scalability, manufacturability, and shape

of the system in relation to the current integrated batteries. A benefit of axial flow

is the uniformity of the flow direction at the inlet and outlet of the turbine, as they

are both parallel to the shaft or axis of rotation. An example of axial flow is shown

in Figure 3.1, where the solid grey represents the stationary guide vanes, or stator,

the striped portion represents the rotating blades, or rotor, the arrows represent flow

direction, and the dashed line represents the axis of rotation, or center of the shaft.

The system can benefit from axial flow with a single symmetric rotor, also called

an impulse turbine in turbomachinery. With opposite facing stators on each side of

the rotor with angled, nozzle-like guide vanes, the flow can be directed through the

rotor in either direction depending on the pressure differential, while maintaining the

direction of rotor rotation. With the ability to operate in reverse, pressure energy

could be harvested as a marine species performs a complete dive cycle, therefore

increasing the available power to the tag, as discussed in Section 2.3. Although an

accumulator-style system is the proposed end goal for this application, this research

focuses on the analysis and characterization of the scaled axial, impulse turbine,

independent of the overall reversible system.
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Figure 3.1: Diagram showing flow direction through an axial turbine with a single
stator and rotor.

3.2 Graphical modeling

Axial impulse turbines are a common type of fluid machinery and the basic analytical

relationship between a stator vane and rotor blade has already been defined in scien-

tific literature. This relationship is comprised of the velocity components of the fluid

and moving rotor blades, providing insight into the most optimal design. Optimal

design, in this case, refers to stator vanes and rotor blades of specified geometries

that allow the system to operate most efficiently for some corresponding jet velocity

and rotational velocity.

Figure 3.2(a) displays the velocity components and geometric properties of the

control volume for a single stator and rotor vane. The fluid enters the stator vane

at absolute velocity V1 and exits at velocity V2 (jet velocity) in a direction relative

to the angle of the stator vane (α2). The jet velocity to the control volume moving

with the rotor blade, moving at speed U , is identified as the relative jet velocity (W2).

The speed of the rotor blade is a function of the rotational velocity (ω) and position

along the radius (r). The angle of W2 (β2) is a function of the blade speed, while the

direction of the relative velocity leaving the rotor (W3) stays constant corresponding

to the rotor blade angle (β3). The jet of fluid, of horizontal width b and cross-sectional
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(a) (b)

Figure 3.2: Diagram of (a) the control volume and (b) relationship between velocity
vectors.

area A, enters and leaves the rotor vane, assumed to stay constant in size. The two-

dimentional relationship between the velocity components shown entering and leaving

the control volume and their corresponding angles is presented in Figure 3.2(b) [37].

This figure represents the optimum velocity diagram for an axial, impulse turbine,

defined when |W2| = | −W3|. At this position, neither the blade speed nor the force

on the blades are at their max. As blade speed increases, the force on the blades

decreases. Therefore, at the position shown in the velocity diagram, half the speed

and half the force, the maximum power output is achievable, as the power output is

the multiplication of the rotational velocity and torque on the shaft.
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3.3 Analytical model of energy transfer

Once the relationship between the fluid velocity components from the stator to the

rotor is understood, the transfer of energy from the fluid to the rotor blades can be

explained analytically in terms of torque on the shaft (~Tshaft). This can be found

through the application of the Reynolds Transport Theorem to the conservation of

angular momentum for an inertial, constant velocity control volume, as shown in

Equation 3.1 [38].

~r × ~Fs +

∫
CV

~r × ~gρd V– +~Tshaft =
∂

∂t

∫
CV

~r × ~V ρd V– +

∫
CS

~r × ~V ρ~V · d ~A (3.1)

For this system, several terms are assumed to be negligible, such as surface forces

(Fs) and gravitational forces (~g). The turbine is also assumed to have reached steady

state, eliminating any time-dependent terms. Equation 3.1 simplifies to

~Tshaft =

∫
CS

d~Tshaft =

∫
CS

~r × ~V ρ~V · d ~A (3.2)

where the radius of the vane (~r), the fluid velocity (~V ), and the fluid density (ρ) are

integrated over the control surface (CS) in the radial direction. The expansion of the

fluid velocity vector into components of the relative velocities entering and leaving

the control surface results in Equation 3.3.

d~Tshaft = r × ρ
[
(W2θW2z +W 2

2z)d ~Ain + (W3θW3z +W 2
3z)d ~Aout

]
(3.3)

Equations 3.4a - 3.4d represent the relative velocities all in terms of the jet velocity
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using the geometric relationship shown in the velocity diagram (Figure 3.2(b)) of the

previous section.

W2θ = V2 sinα2 − ωr (3.4a)

W2z = V2 cosα2 (3.4b)

W3θ = −V2 cosα2 tan β3 (3.4c)

W3z = V2 cosα2 (3.4d)

The velocity diagram indicates that β2 is a function of the blade speed and will

therefore equate to different angles along the radius at a constant speed. At the

optimum operating point, the angle of the rotor blade should match the relative

velocity angles on the inlet and outlet. This means that | −β3|, which is equal to |β2|

at this point, is varying along the radius as well. Therefore, Equation 3.4c must be

expanded further in order for the integration to properly take place. The geometric

relationship for β3 at the optimum operating point is defined as

β3 = tan−1

(
Uopt
W3z

)
= tan−1

(
ωoptr

V2 cosα2

)
(3.5)

where the mean radius (rm = r2+r1
2

) is used to find the optimum rotational velocity

(ωopt = Uopt

rm
). The optimum blade velocity (Uopt), representing the unchanging U in

the velocity diagram, can be related to jet velocity using the diagram, resulting in
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Uopt = V2 sinα2

2
. Instead of a constant rotor blade angle, this relationship describes

a rotor blade angle that changes along the radius to provide a design that operates

at an optimal speed for a given, constant jet velocity magnitude and direction. Due

to pressure driving the velocity of the fluid, each pressure will result in a different

optimal operating point, torque and speed, of the turbine.

Expanding the area as a function of radius for the fluid entering and leaving

the rotor vane results in d ~Ain = −bdrẑ and d ~Aout = bdrẑ. Integration over r and

simplification results in Equation 3.6 for the total torque on the shaft, where n is the

number of stator vanes or number of jets impacting the rotor. The inner and outer

radii of the vane are represented by r1 and r2, respectfully.

Tshaft = −ρbn
[
−V 2

2

(
r22 − r21

2

)
sinα2 cosα2+V2ω

(
r32 − r31

3

)
cosα2

−V2ωopt
(
r32 − r31

3

)
cosα2

] (3.6)

The system efficiency can then be assessed by comparing the available power from

the fluid energy source to the power output from the turbine shaft. In mathematical

form, the mechanical efficiency, (η), can be expressed as

η =
power out

power in
× 100 =

Tshaft · ω
∆p ·Q

× 100 (3.7)

where ∆p = p1−p2 is the pressure difference across the system with p1 as the pressure

at the inlet, upstream of the stator, and p2 as the pressure at the outlet, downstream of

the rotor, assuming no pressure drop occurs across the rotor, and Q is the volumetric

flow rate.
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An important purpose of this analytical model is to ultimately predict the power

output and efficiency of the design for a given pressure. Therefore, jet velocity should

be expanded further to incorporate pressure as a model input, assuming flow rate is

unknown. As a first order estimate, the velocity of the fluid exiting the nozzle-like

stator vane can be calculated using the Bernoulli’s equation. Equation 3.8 displays

a simplified version of the equation where the assumptions are that the nozzle inlet

velocity is negligible and the potential energy per unit volume is equal at the inlet

and the outlet.

V2 =

√
2∆p

ρ
(3.8)

The model in its form as of now presents an ideal system that operates at 100%

efficiency. However, research has shown that this is impossible to achieve in real-world

applications and specifically with turbines or like-systems, where efficiency tends to

decrease with size. Literature has presented ways of quantifying losses for mostly

large-scale systems. However, this is usually followed by and verified with testing of a

physical prototype. For a system on a much smaller scale, testing is necessary to aid

in the quantification of these losses, which will be a much more significant fraction

of the overall energy conversion than would be expected for larger systems. Known

loss coefficients, such as those characterized for flow entrances and exits, may also

only be applicable to the large-scale systems. In a later chapter, after presentation

of the experimental methods, the loss analysis methods from literature, as well those

identified from testing of the physical prototype, will be discussed further and applied

to the model for validation.
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3.4 Summary

This chapter defined the proposed turbine design as an axial impulse turbine involving

a stator with nozzle-like vanes and a rotor with symmetric blades. Geometric proper-

ties and a corresponding velocity diagram were established and displayed graphically

using basic turbomachinery methods. Key features, such as blade angle, were ex-

plained in depth, along with their relationship with the relative velocity. The energy

transfer of the moving fluid to the rotor shaft was then expanded mathematically

with the application of the Reynold’s Transport Theorem to the conservation of an-

gular momentum for inertial control volume. This resulted in an equation for the

torque on the shaft with key inputs such as nozzle angle, radii, rotational speed, and

jet velocity, calculated using the pressure drop. Finally, the equation for finding the

mechanical efficiency of the system was defined.
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Chapter 4

Experimental Methods and Results

A prototype of the turbine was developed to assess the efficiency of the presented

design concept. The beginning stages of prototype development with experimental

testing unfolded in parallel with the analytical model to aid in the understanding of

various sources of loss in the design. The experimental setup and evolution of the

rotor and stator is presented, followed by the experimental results of the optimized

design.

4.1 Experimental setup and testing parameters

In order to understand the evolution of the turbine design, the experimental setup

is first explained, as the design changed based on the results of each test. However,

the test housing did not change significantly throughout turbine development. A

computer generated model of the prototype and section view of the test housing is

shown in Figure 4.1. The flow enters through an inlet near the bottom of the housing,

the stator nozzle-like vanes direct the flow to impact the rotor blades, and the flow
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(a) (b)

Figure 4.1: SOLIDWORKS® rendering of prototype assembly used for testing, show-
ing (a) section view of internal components and (b) direction of fluid flow.

exits the housing through an outlet near the top. The internal diameter of the housing

was chosen based on the thickness of common pinniped telemetry tags from Wildlife

Computers� (< 25 mm). The exact number is an approximation, yet similar to the

size of a U.S. quarter, and could be easily adjusted for the chosen application.

The diagram in Figure 4.2 displays the experimental setup used to obtain torque,

angular velocity, pressure, and flow rate measurements from the turbine. These mea-

surements are needed to assess the mechanical efficiency and power output of the

turbine. Two OMEGA® PX309-015GI pressure transducers were used on each end of

the housing to measure the pressure across the stator-rotor assembly. An OMEGA®

FTB604B flow sensor was used to measure the volumetric flow rate exiting the sys-

tem. The data sample rate was 1 Hz and was processed and recorded with National

InstrumentsTM data acquisition (DAQ) technology and LabVIEW software. The
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Figure 4.2: Diagram of experimental setup.

Discovery Hybrid Rheometer HR-2 by TA® Instruments was used to measure the

torque on the shaft and corresponding rotational velocity. A rheometer can be used

to measure various forces, displacements, temperatures, etc. to characterize fluids

or materials. The device is highly sensitive and accurate, as well as technologically

advanced with the ability to create intricate transient test plans. Specifications of

the equipment used are summarized in Table 4.1.

Table 4.1: Equipment specifications.

Device Measurement Type Range
Resolution/
Accuracy

Rheometer
Torque ±200 mN·m 0.1 nN·m

Angular Velocity ±300 rad/s -
Flow Sensor Volumetric Flow Rate 1.0 - 30 L/min ±1% of reading
Pressure Transducer Gage Pressure 0 - 15 psi ±0.25% static
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Although the rheometer is limited to 300 rad/s, insight into the initial performance

of the turbine could be captured with this device. The rheometer accessory shaft was

coupled to the eighth-inch diameter output shaft of the turbine with a flexible, custom

coupling. The prototype, supplied with a constant flow of water, spun freely while

the rheometer was not applying an opposing torque, also known as no-load speed.

The test plan in the rheometer interface was designed to have the rheometer shaft

speed match the no-load speed of the turbine at the start of the test and then step

down in speed until both the rheometer and turbine were brought to rest. While the

flow was still constant, but the turbine was forced to rest, the maximum torque the

turbine was experiencing was measured. This is referred to as the stall torque. As

speed decreased at increments of 2 rad/s, the rheometer dwelled at each increment

for approximately 7 seconds. The resulting torque measurement at that speed is the

average of the seven data points collected during the dwell time. The fluid flow was

controlled by a small pump with a DC controller that provided the capability to

adjust the flow rate as desired.

4.2 Prototype development

The turbine prototype, as well as the test housing, was created by 3D printing for

initial testing, as printing provides the flexibility to modify designs at a low cost and

minimal time expenditure. Variations of the turbine components include a number

of geometric parameters that were adjusted as understanding of the velocity diagram

progressed. A large contribution to the modeling efforts was also the understanding

of the tools available, such as computer-aided modeling (CAD) and measurement

devices. The goal of each modification was to improve the effect key parameters had
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(a) (b) (c)

Figure 4.3: Models of turbine components in the early stages of development: the (a)
stator, (b) curved rotor, and (c) flat blade rotor.

on the efficiency of the turbine.

4.2.1 Preliminary designs and losses

One of the first rotor designs is shown in Figure 4.3(b). The rotor had 10 blades and

a constant blade angle (β) of 60°. This was tested along with the stator shown in

Figure 4.3(a), which had eight vanes. At the time of development, the vane outlet was

assumed to be at an angle (α) of 60°. However, it was later discovered that the angle

was not constant due to the CAD modeling method used to create the nozzle-like

vane feature, resulting in an uncontrolled, varying angle along the radius. The results

from this design included a maximum mechanical power output of 75 mW and 8%

efficiency for a pressure drop of 1.45 psi and flow rate of 5.4 L/min. While analytical

modeling was in works parallel to testing, a modification was made to the rotor design

presuming it would simplify the analysis as well as manufacturing. The blade number

was decreased to eight blades with a constant width between the blades, as shown

in Figure 4.3(c). This design decreased the efficiency to 6% and as a result of the
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new blade shape with a flat top surface and sharp edge vane entrance, the flow rate

decreased to 4.8 L/min for a slightly higher pressure drop 1.7 psi.

The flat top surface of the blades caused significant obstruction of the fluid exiting

the stator nozzles. As the rotor rotates and each blade passes a jet of fluid, the fluid

is temporarily blocked from fully impacting the rotor blade. Figure 4.4(a) highlights

the top surface area of the blades from the rotor in Figure 4.3(c), which shows the

significant size of the blade area compared to the vanes. For one revolution, the

eight rotor vanes are completely aligned with the eight jets of fluid leaving the stator

vanes only 40% of the time, not including the partial jet impact as the rotor rotates.

During the other 60%, the jets are presumed to be completely blocked by the blade.

To estimate the effect of obstruction with partial jet impact included, the average can

be taken of the ratio of jet fluid passing clearly through a vane to the jet fluid that

may be blocked by the blade’s surface during a single rotation, thus creating a duty

cycle pattern. To further explore the effects of this loss, the same rotor design was

tested with an increased space between the blades, approximately 1 mm to 1.5 mm,

as shown in Figure 4.4(b), decreasing the surface area of the blades to approximately

50% of the total area. The design resulted in 85 mW for a pressure drop of 1.1 psi

and 5.8 L/min and the efficiency almost doubled to 11%. This demonstrates that

with less obstruction, more fluid is able to pass through the system without affecting

the pressure drop, ultimately resulting in a higher efficiency.

During all tests up to this point, there were other factors involved that increased

the uncertainty of the experimental results. The pressure transducers initially used

were capable of measuring pressure up to 300 psi. This resulted in a significant error

as tests were conducted within 0.5% of this range. The rate of fluid flow was also not
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(a) (b)

Figure 4.4: Rotor blade surface area compared to vanes for an eight blade rotor with
(a) a 1 mm vane width and (b) a 1.5 mm vane width. Note the eight vane stator, not
pictured here, has an outlet vane width of 1 mm.

constant during testing because the fluid source was directly from the lab’s faucet,

which is dependent on the provided pressure of the facility. Apart from equipment

uncertainty, the prototype housing also resulted in uncertainty. During testing, exces-

sive leaking was observed where the shaft extends out of the housing. This may have

had a significant affect on the downstream pressure and flow rate measurement. For

the design iterations to follow, the transducers and fluid source were replaced with

the equipment specified in the previous section, 0-15 psi transducers and recirculating

pump, respectively. To address the leaking issue, the clearance between the shaft and

the housing was minimized enough to significantly reduce the leaking without causing

rubbing between the components.

4.2.2 Secondary design and losses

As the analytical model developed further, another change was made to the stator

and rotor design. The blade and vane lengths were reduced to lessen the dependency

on the radius and continue with a two-dimensional analysis of the flow through the
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(a) (b)

Figure 4.5: The next iteration of the (a) stator and (b) rotor design with reduced
vane and blade length.

system, ignoring pressure gradients along the blades radially. The stator was rebuilt

with 10 vanes and included a controlled vane outlet angle of 60°, as shown in Figure

4.5(a). The rotor blades remained 60°, but the number of blades was increased to 20,

as shown in Figure 4.5(b). The design testing resulted in 49 mW of power output and

4.1% efficiency at 4.3 psi and 2.4 L/min. The decrease in efficiency from the previous

design was a result of the decreased blade length. The input fluid was no longer

capable of contributing as much to the momentum of the blades due to the decreased

blade surface. This also ultimately accentuated losses that will be discussed in a later

section.

To observe the effects of obstruction for this configuration, a test was conducted

without the rotor installed to capture the pressure and flow rate across the stator

only, which represents the data we should see if obstruction and viscous losses from

the rotor were minimal. The data, presented in Figure 4.6, showed an increase in

flow rate through the stator, as the fluid was able to pass through more easily for the

same amount of pressure drop. The ratio of fluid able to pass through, approximately
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Figure 4.6: Comparison of pressure and flow rate from the system experimental results
and the system without the rotor installed.

65%, was applied to the flow rate of the stator test, which then matched closely to the

system experimental data. The test confirmed the significant effect blade obstruction

has on the available input flow, subsequently the jet velocity and efficiency, which

identified a location for improvement in the future designs. As understanding of the

analytical model progressed, it was realized that a constant width between blades

is not necessary, and therefore the next design reverts back to the original rounded

blade design from Figure 4.3(b).

Another flaw in this design is the angle of the stator vane and rotor blade. The

angles were equal for this design, which is confirmed to not be optimal according to

the velocity diagram. The angle of the stator vane shall be modeled such that the

angle of the relative jet velocity is equal to the rotor blade angle at the optimum blade

speed. The stator angle was also constant across the radius, which is not optimal, yet

fair for the blade length compared to the full radius of the rotor and a fine assumption
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(a) (b)

Figure 4.7: The final iteration of the (a) stator and (b) rotor design with reduced
vane and blade length.

for 2D analysis. However, the angles for the new design follow the guidelines of the

velocity diagram more closely by implementing the correct angles along the radius

for optimal speed. In addition to blade shape and angle, the clearance between the

stator and rotor was accounted for, as it might affect how the angled jet impacts the

rotor. By acknowledging and reducing the clearance in the new design, the stator

angle was designed slightly more steep for an increase in fluid velocity leaving the

nozzle-like vanes.

4.2.3 Final design

Using what was learned from the previous designs, the configuration shown in Figure

4.7 was created and is used for the remainder of this paper. The angle of the rotor

blade, as discussed, increases linearly along the radius. The number of blades was

maximized based on the printer resolution and suggested minimum thickness for

structural strength of the blades, in addition to the desired vane width of at least 1

mm. The number of stator vanes was decreased by a factor of 2 in order to maintain
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Table 4.2: Geometric properties.

Variable Stator vane Rotor
r1 6.4 mm 6.4 mm
r2 8.4 mm 8.4 mm
b 1 mm 1 mm
α2 65° -
β2 - 42.8°at r1; 50.6°at r2
β3 - -42.8°at r1; -50.6°at r2
# of vanes 11 22
height 5 mm 5 mm

the nozzle feature that directs and increases the velocity of the fluid flow. The key

variables of the prototype design are defined in Table 4.2.

The physical turbine components, shown in Figure 4.8, were created with a Strata-

sys Objet30 3D printer with VeroClear material using a PolyJet printing method.

This method is known for its ability to produce small features with high resolution.

Also, the process, which involves the layering of curable liquid photopolymer, results

in a more fine texture, when compared to techniques such as Fused Deposition Mod-

eling (FDM). However, the resolution, accuracy, and surface finish are all dependent

on the positioning and features of the part. The nonporous VeroClear material used

is sufficient for initial testing, as it is rigid and strong enough to withstand moderate

pressure and high speeds.
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(a) (b)

Figure 4.8: Physical model of turbine components: (a) rotor and (b) stator inlet (left)
and outlet (right).

4.3 Experimental results and discussion

Multiple data sets were collected to capture the torque-speed curves at various pres-

sure differences across the system, as shown in Figure 4.9(a). The flow rate was

adjusted evenly using the DC voltage controller between each test to provide this

range of data. These results show performance that aligns well with what would be

expected for a power generating hydrokinetic turbine of this type, including linear

torque-speed curves, suggesting standard modeling methods. The mechanical power

output, calculated from the torque and rotational velocity, is shown in Figure 4.9(b).

Recall the mechanical efficiency, shown in Figure 4.9(c), of the turbine is the actual

amount of power output from the shaft compared to the given input power from the

pressure and flow rate of the fluid. A maximum of approximately 57.5 mW at 9%

efficiency was reached with a ∆p of 1.92 psi, which is double the efficiency at half the

differential pressure compared to the previous design.

When comparing the maximum power and mechanical efficiency of the turbine for

a range of ∆p, an increasing trend can be seen, as shown by Figure 4.10(a). These
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Figure 4.9: (a) Experimental torque-speed curves at various pressure differences
across the turbine and corresponding (b) power output from the turbine shaft and
(c) mechanical efficiency.
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results were limited to the capability of the rheometer, yet the trend shows that there

is potential for higher power output given a greater pressure differential. Also shown

in the figure for reference is the uncertainty of the efficiency due to the accuracy of the

flow rate and pressure measurements. This is not included for power as the resolution

of the rheometer for torque and speed is very high, making the error negligible. Figure

4.10(b) displays the maximum power and efficiency with the corresponding rotational

velocity of the turbine. The speed measured at each maximum is the optimum speed

for that given flow rate or measured pressure differential. The efficiency appears to

be approaching an overall maximum for the system at given pressure differentials, yet

increasing linearly when comparing to optimum speed, except for the highest data

point. It is possible that the highest test point is outside of the trend due to an

unidentified error in experimental testing. With a single point slightly outside of the

trend and not having enough data, the maximum efficiency for the system cannot be

confirmed at this time. However, with further higher pressure tests, the maximum

can continue to be explored.

40



0 0.5 1 1.5 2 2.5

Pressure Drop, ∆p (psi)

0

10

20

30

40

50

60

70

P
ow

er
 (

m
W

)

0

1

2

3

4

5

6

7

8

9

10

E
ffi

ci
en

cy
, 
η
 (

%
)

Max Power
Max Efficiency

0 2 4 6 8 10 12 14 16

Pressure Drop, ∆p (kPa)

(a)

0 50 100 150 200

Speed, ω (rad/s)

0

10

20

30

40

50

60

70

P
ow

er
 (

m
W

)

0

1

2

3

4

5

6

7

8

9

10

E
ffi

ci
en

cy
, 
η
 (

%
)

Max Power
Max Efficiency

0 500 1000 1500

Speed (RPM)

(b)

Figure 4.10: Maximum power and mechanical efficiency per each (a) pressure differ-
ential test and (b) corresponding optimum rotational velocity.

4.4 Summary

Within this chapter, the experimental methods and results of physical prototype test-

ing of the proposed turbine design were presented. A rheometer was used to directly

measure the shaft torque and rotational velocity for various flow rates. Pressure and

flow rate were measured to determine the pressure drop across the system and assess

the efficiency of the turbine. The 3D printed protoype parts had undergone various

design changes as testing and analysis highlighted uncertainties and losses that could

be addressed and mitigated for future designs. These losses or uncertainties included

effects of improper modeling of the geometry, blade obstruction, and measurement

device accuracy. The current, most optimized design was further defined and the

experimental results of five different pressure differential tests were presented. The
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results showed a maximum mechanical power output of 57.5 mW and 9% efficiency

for only 1.92 psi across the system. The results were further analyzed to show an

increasing trend in both power and efficiency.
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Chapter 5

System Losses

The accuracy of the analytical model presented in Section 3.3 is validated by a com-

parison with the experimental data. While several losses were identified with past

designs, the experimental results show there are additional losses not yet accounted

for or quantified for this design. The losses to be discussed include minor head loss

in the stator entrance and exit, as well as from abrupt changes in area within the

system, clearance loss referring to internal leakage, viscous loss from fluid between

rotating parts, experimental losses, and physical modeling uncertainties. These losses

are discussed further here and applied to the model for comparison.

5.1 Flow coefficient

As previously stated, the model as it is presented now represents an ideal system

with pressure drop as the input, assuming flow rate is unknown. Since we know

the system is not ideal, or 100% efficient, an attempt can be made to estimate the

losses using known turbomachinery analysis methods. However, through this it was
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discovered that these methods may not yield an accurate result, as the losses are

magnified for systems on the scale of millimeters. For example, an initial attempt

was made to approximate the loss in the pressure drop across the stator, which would

normally be captured by a measured flow rate. This approximation involved the

commonly known nozzle discharge coefficient equation, which accounts for the losses

experienced through a nozzle. The discharge coefficient (cd ≤ 1.0), or correction

factor, was estimated using the correlating equation, Equation 5.1 [37].

cd = 0.9965− .00653

(
106

Re

)1/2

(5.1)

This coefficient is applied directly to the simplified Bernoulli’s equation, as shown

in Equation 5.2.

V2 = cd

√
2∆p

ρ
(5.2)

Reynold’s number (Re) is calculated by Re = V2d
ν

where d is the hydraulic diameter

and ν is the kinematic viscosity of the fluid. While velocity and the coefficient are

unknown, an initial guess is made for the coefficient and then corrected iteratively

using all three equations until the cd value converges within a set tolerance. The

resulting coefficient varied little between the tests with an average of cd = 0.956.

Since the flow rate was measured during the prototype experiment, a comparison

can be made between the ideal value, the corrected value, and the measurement. It is

important to note that the measurement was taken across the system, the stator and

rotor. The flow rate and pressure drop across the stator was tested experimentally

and showed little variation when compared to that of the entire system. This means

44



0 1 2 3 4 5

Volumetric Flow Rate (L/min)

0

0.5

1

1.5

2

2.5

P
re

ss
ur

e 
(p

si
)

Ideal
Loss coefficient applied
Experimental data

0

2

4

6

8

10

12

14

16

P
re

ss
ur

e 
(k

P
a)

Figure 5.1: Comparison of the flow rate and pressure drop relationship for the ideal
state, the corrected result, and the experimental data.

obstruction losses were minimal and the majority of the pressure drop occurred across

the stator as assumed. Therefore, the system measurement can continue to be used

for comparisons. Figure 5.1 shows the significant error between the corrected value

and the measurement. This demonstrates the difficulty in determining which known

analysis methods are applicable to systems on this scale. However, this is also under-

stood considering the configuration of the prototype nozzle is not a replica of common

nozzle designs, such as those that provided the empirical data for the creation of the

correlating equation. Also, the addition of the rotor likely causes additional losses

in the flow. Literature has expressed how determining a coefficient that applies to

nozzles or flow configurations of all sizes is unattainable [38]. A vast amount of exper-

imental data has been used to correlate common flow configuration losses, yet these
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values remain known as a general estimate. In many cases, different sources have

obtained different values for the same configuration. Therefore, it is recommended

that any loss coefficient be determined experimentally for each situation. This can

be accomplished with the steady state energy equation for incompressible pipe flow

[38]. Using the same assumptions as those defined earlier for the Bernoulli’s equation

and ignoring friction losses, the following equation remains.

∆p

ρ
−
V 2
2−measured

2
= hm = K

V 2
2−measured

2
(5.3)

The variable hm represents the minor head loss which includes the loss coefficient

(K). This coefficient encompasses the viscous losses in the flow channels through-

out the system, including any losses due to abrupt changes in area. The variable

V2−measured used in this equation is the nozzle exit velocity calculated from the mea-

sured flow rate. This calculation in its basic form is the measured flow rate divided

by the total stator outlet area, which will be defined further in the following section.

The resulting loss coefficient is shown in Figure 5.2, where the nozzle discharge coef-

ficient is also shown. There appears to be a trend to the data, exhibiting a decrease

in the loss coefficient and slight increase in nozzle discharge coefficient for increasing

pressure drop, indicating increasing viscous losses through the stator.

For use in the model, Equation 5.3 is rearranged to Equation 5.4 such that K and

∆p are known and jet velocity is calculated. Using the trend of K seen in the figure

and the equation below, a prediction of the jet velocity for higher pressures may be

made without known flow rate data. Yet, the best way to verify the coefficient is

through additional experimental testing.
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Figure 5.2: Nozzle discharge coefficient and loss coefficient calculated for each pressure
differential test.

V2 =

√
2∆p

ρ(K + 1)
. (5.4)

5.2 Clearance loss

A significant source of loss in the prototype design is the clearance between parts

relative to the size of the parts themselves. Although difficult to reduce in 3D printed

parts, the clearance may be reduced in machined parts. Regardless, the error is simple

to quantify by calculating the ratio of clearance to the vanes. In this design, there is a

small clearance gap between the extension piece of the rotor, along the shaft, and the

inner diameter of the stator, which allows the rotor to spin freely without rubbing.
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This gap, referred to as Gap #1, accounts for approximately 21% of the total flow

rate leaving the stator, at location (b), in Figure 5.3. This means only 79% of the

flow is passing through the stator vanes. When calculating the velocity leaving the

nozzle-like vanes, a factor of approximately 0.79 (referred to as Kgap) is applied to

the measured flow rate, as shown in Equation 5.5.

V2−measured =
KgapQ

b(r2 − r1)n cosα2

(5.5)

The portion of fluid passing through Gap #1 is assumed to be thrown outward

between locations (b) and (c) due to the centrifugal force of the rotating body and

exits through Gap #2 (the clearance between the rotor blade tips and the housing

wall). Due to the fluid evading the nozzle-like vanes and moving radially outward

during this transit, it is incapable of providing desired momentum transfer to the

rotor blades. This fluid likely contributes instead to the overall viscous losses in the

system discussed later. It is important to note Gap #2, is 5.5% larger than Gap #1.

In addition to the fluid from Gap #1, this may be filled by more fluid within the

rotor vanes that is pushed radially outward when rotating or due to the jet of fluid

moving tangentially to the rotating blades. The overall torque is slightly reduced as

a result of the fluid again not contributing to the momentum of the rotor blades.

As the majority of the clearance is already accounted for in V2−measured, a factor of

approximately 0.945 (referred to as Ktip for tip clearance loss) can be applied to the

total torque.
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Figure 5.3: Diagram showing the direction of fluid through the system, including the
vanes and clearances.

5.3 Viscous loss between rotating surfaces

The effect of the fluid’s viscosity between rotating parts was estimated based on

the shear stress (τ) of the fluid and the force (F ) it applies to the contact surfaces,

resulting in a drag torque (T ) [38]. The shear stress of the fluid is defined as τ = µdu
dy

,

where du
dy

= U
b
. The blade speed can be expanded further to U = ωr. The torque is

equivalent to the shear force times the radius, T = Fr = τAr, where the shear force

is the shear stress time the area (A) of the contact surface. The estimation of the

total drag torque includes the summation of the drag torques in three areas:

the rotor extension and stator (or Gap #1),

Tvisc−gap1 =
2πµLabωr

3
ext

bgap1
, (5.6)

the stator outlet surface and rotor annulus,
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Tvisc−bc =
πµω(r41 − r40)

2bbc
, (5.7)

and the rotor blade tips and surrounding wall (or Gap #2),

Tvisc−gap2 =
2πµLcdωr

3
2)

bgap2
, (5.8)

where µ is the dynamic viscosity of water, L is the length of contact surface, rext is

the radius of the rotor extension, r0 is the inner radius of the stator, and b is the

width of the space between surfaces. Refer to Figure 5.3 for the respective locations

as they are labeled in the equations.

The total drag torque increases with rotor speed and can be subtracted as a

function of rotor speed from the torque equation as Tvisc. The effects are minimal as

water is not a particularly viscous fluid and given the pressure used in testing, rotor

speeds were relatively low. This is also based on the assumptions that the flow is

laminar, steady, incompressible, fully developed, and symmetric, as well as assumed

to have infinite width when comparing the length of contact and the gap between

parts. These are not all accurate assumptions for this design, but allows for a rough

estimate.

5.4 Experimental setup losses

The experiment setup itself presented additional loss. These include losses associ-

ated with the prototype bearings, rheometer bearing, coupling of the turbine shaft to

the rheometer shaft, and any potential rubbing between internal components. The

combined loss was measured by conducting the torque-speed test defined previously
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Figure 5.4: Measured experimental loss of torque over speed.

with the rheometer, however this time without providing any fluid flow. The average

torque lost (Tloss) was calculated over three of these tests and is displayed in Figure

5.4. The loss, which increases slightly with speed, can be subtracted from the ana-

lytical torque equation. It is important to note that there were significant differences

between each of the tests. The exact reason for this is unknown. However, a con-

tributing cause may be a shift in alignment between tests. Any remaining water in

the input and output lines or in the system may cause an unwanted force between

the coupling of the shafts.

5.5 Results and discussion

The losses that have been identified up to this point are incorporated into the torque

equation shown in Equation 5.9.
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Tshaft = −ρbnKtip

[
−V 2

2

(
r22 − r21

2

)
sinα2 cosα2 + V2ω

(
r32 − r31

3

)
cosα2

−V2ωopt
(
r32 − r31

3

)
cosα2

]
− Tvisc − Tloss

(5.9)

The results of the updated model are compared to the experimental data for the

highest pressure drop test (1.92 psi) in Figure 5.5, where the contribution of each loss

is highlighted. The largest source of torque loss, accounting for approximately 50%

of the total loss, is found in the minor head loss coefficient, which also encompasses

the nozzle discharge coefficient. This demonstrates that the fluid flow is significantly

sensitive to the design and configuration of the system’s internal components, as each

channel and opening or exit shape has an effect on the overall efficiency. The most

minimal contributing loss is the drag torque from the fluid between rotating parts.

This is likely due to the rough estimation, in addition to the low viscosity of the fluid

and relatively low rotor speeds. If the estimation assumed turbulent flow instead

of laminar, higher viscous losses would be seen due to the higher velocity gradients

within the boundary layers. The over-simplified viscous loss estimate would benefit

greatly from CFD analysis as the loss could be properly quantified.

The model was applied and compared for each experimental test. The error and

average error between the experimental and analytical results for each test is displayed

in Figures 5.6(a) and 5.6(b). Although, the error becomes less constant as the speed

and pressure drop increases, this may just indicate the lack of quantification of a

loss that increases with speed. This provides insight into what losses may need to

be explored further. The average error of each test creates a linearly increasing
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Figure 5.5: Model torque results for a pressure drop of 1.9 psi with identification of
losses compared to the experimental torque-speed data.

trend as the pressure drop across the system increases. Increasing losses would be

expected at higher pressures and speed, especially viscous or friction losses. However,

higher pressure testing could be conducted to verify whether the trend continues

in this way as expected. The maximum power and mechanical efficiency was also

calculated for each test using the analytical model and was compared to the results

of the experiment, as shown in Figure 5.6(c). This plot displays the similarity in

trend between the anaytical results and the experimental data, which may suggest

the model is performing as intended, yet only shifted from the remaining unidentified

error. Although the percent error in the results is approximately 70-80%, the total

magnitude for torque error is less than 0.75 mNm for all cases.
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Figure 5.6: (a) Calculated difference between the updated analytical model torque and
experimental torque and (b) the mean of each error. (c) The maximum mechanical
power and efficiency of each pressure differential test calculated using the analytical
model compared to the experimental results and (d) the remaining percent error at
the maximums.
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The error that is present between the analytical model and the experimental

results is significant. However, there are several factors that are predicted to be a

contributing source of the remaining loss. For one, there is an uncertainty attached

to the experimental setup loss. The model uses the average of three tests, but the

actual could be in the higher loss range. Based on the variance of the collected data,

there is question as to how accurate it is in representing this loss. This could only be

settled with additional testing or improved experimental setup.

Another uncertainty unaccounted for is the physical modeling uncertainty. Al-

though the printing method used to create the prototype is known for its high resolu-

tion, the accuracy of the print can vary based on the geometry and build configuration.

The accuracy for the method and material used is 0.1 mm. The model is extremely

sensitive to geometric properties and 0.1 mm is a significant value compared to the

size of the part’s key features. It is unlikely that every key dimension is off by this

amount in the worst case scenario. However, certain key dimensions such as nozzle

exit width could potentially contain this error, which would affect the jet velocity

and thereby, overall torque and speed. For reference, this accuracy would affect the

width of the nozzle exit, or jet area, by 10% or 5% for length. To verify the prototype

dimensions, it would be useful to examine the parts under a microscope in which

measurements could be taken of each key feature.

The nozzle exit and the rotor blades, which are both angled or pointed at the ends,

could be impacted by the resolution capabilities of the printer as well. Although the

resolution capability is high, these features are designed about the smallest capable

size. The resolution and accuracy at the blade edges may affect the intended angle

of the blades, which is designed to be tangential to the curve of the blade at this

55



point. This could ultimately affect the angle of incidence. When referring to the

angle of incidence, we are referring to the angle between the relative jet velocity and

the angle of the rotor blade. At optimum speed, this angle should be equal to zero

if the nozzle angle and rotor angles were designed according to the velocity diagram.

The angle of incidence or total impact of the jet may also be affected by the spacial

dimension between the rotor and stator, as a specific space was accounted for in the

design process. The rotor extensions were designed to mitigate inconsistency of this

space in the assembly process, yet there is still an amount of leeway.

In order to better understand the sources of error that exist in the current model

when compared to the experimental data, computational fluid dynamics (CFD) would

best represent the losses experienced by the design. This would help separate losses

due to experimental setup and prototype modeling from those inherited by the pro-

posed design and flow configuration. In many studies, analytical modeling is com-

pared with both experimental data and CFD results. While there are uncertainties

in this method as well, the visual aspect of this method allows for further exploration

of loss sources in a 3D space that were difficult to identify or quantify and provides

the opportunity to optimize those locations that result in significant loss for follow-

up designs. However, CFD analysis is outside the scope of this work, but may be

suggested for future works.

5.6 Summary

This chapter discussed in depth the losses and uncertainties identified in the prototype

design and displayed how they can be accounted for in the analytical model. The

losses included nozzle discharge, viscous flow effects, and abrupt changes in area, all
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captured with a flow coefficient. Clearance losses were also identified in both the

stator and rotor designs, resulting in a decreased jet velocity and torque, respectively.

The drag torque caused by fluid between rotating parts was estimated and found

to be minimal. However, drag torque as a result of bearings and shaft coupling

was quantified during experimental testing and was presented. Finally, the model

updated with the quantified losses was compared to the experimental results showing

a major improvement yet still with a remaining error, on the order of 70-80%. This

was described as uncertainty losses in geometry and experimental accuracy.
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Chapter 6

Model Application

The purpose of the analytical model is to provide the capability to predict the per-

formance of the turbine design for a given pressure within a real-world, marine appli-

cation. The viability of the design can then be assessed for an intended application

before final development and integration of the system for use. While applications

within the marine environment vary in energy expenditure, size, and travel, the de-

sign proposed is intended to be adjustable to meet the needs of each application.

However, for this paper alone, the focus is on the integration of the turbine design

and pressure energy harvesting method in marine animal tags. Within this chapter,

output at a higher pressure and the electrical efficiency is assessed and compared to

the current energy source for common telemetry tags.

6.1 Increased pressure performance assessment

The goal of the energy harvesting method is to not only match the current energy

expenditure of the tags, but also exceed them such that the tags may be able to include
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Figure 6.1: Measured input pressure, output pressure, and calculated pressure drop
in relation to the measured flow rate.

more sensor capabilities or transmit more data daily. To explore the capabilities of

the turbine further and assess whether it is capable of providing sufficient or more

than needed power to the tag, an estimate can be made with the model using a higher

pressure input. With the uncertainty remaining in the model, an assumption must

be made for the higher pressure prediction analysis. Here the assumption will be that

the prediction is based on the prototype and experimental setup as-is. This means

improvements have not been made to the parts’ accuracy, test setup, or assembly.

Therefore, the remaining uncertainty loss will be accounted for in this assessment. A

linear trendline fit to the average error results in Figure 5.6(b) is used to determine

the estimated error for the corresponding pressure drop. The value is subtracted

directly from the total torque equation.
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The pressure chosen for this analysis is an input pressure of 20 psig, approximately

14 m below the ocean’s surface. Considering the model does not only utilize input

pressure, we must determine the entire pressure drop across the system, which can be

found with the experimental data. Figure 6.1 shows the trend-lines of the measured

pressure input, output, and differential pressure in relation to the measured flow rate.

At an input pressure of 20 psig, the pressure drop is approximately 11.7 psi and the

corresponding flow rate is 7.8 L/min. Recall the flow rate is used to calculate the loss

coefficient. However, this could also be estimated with the trend shown in Figure 5.2,

as previously discussed. Applying these inputs to the model, we obtain the torque-

speed curve, shown in Figure 6.2, followed by the calculated mechanical power output

and mechanical efficiency. The stall torque and no-load speed are 6.56 mNm and 1162

rad/s, or 11,096 RPM, respectively. The maximum mechanical power output of the

turbine is 1.9 W with an efficiency of approximately 18% at a speed of 580 rad/s, or

5528 RPM. At this point, the nominal torque is 3.28 mNm. With these parameters

defined, a motor can be selected to be used as a generator to transfer the mechanical

energy into useable electrical energy.
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Figure 6.2: Analytical model results for an input pressure of 20 psi, including (a)
torque and (b) mechanical power output and efficiency for a range of speed.

6.2 Mechanical to electrical energy transfer

Operation of a motor in reverse provides generator capability by transferring the

mechanical power output of the turbine into electrical power. The mathematical

relationship used for motor selection is similar when used as a generator, except now

torque and speed are inputs and voltage and current are the outputs, and motor losses

still apply. With a known mechanical torque input (Min), the motor current (I) can

be calculated using Equation 6.1.

I =
Min

kM
− I0 (6.1)

where I0 is the no-load current in Amps and kM is the torque constant in mNm/Amp.

The motor output voltage (V ) can then be calculated using Equation 6.2.
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V =
n

kn
−RmotI (6.2)

where n is the speed in RPM, kn is the speed constant in RPM/Volt, and Rmot is the

motor resistance in Ohms. The term on the right side of the equation is subtracted

from the total output voltage because a portion of the voltage is required to overcome

the internal resistance of the winding. Without a complete analysis of how to find the

most efficient motor for pairing with a turbine, a basic analysis was done to attempt

to match the power curves of the turbine to a motor/generator output. The motor

with a nominal torque and speed similar to that of the turbine was selected. Having

similar nominal values allows the turbine and motor to operate close to maximum

power for each for the given pressure. The motor selected is a 26 mm diameter A-max

brushed DC maxon motor (part number 353078) [1]. The desired known values are

displayed in Table 6.1.

Table 6.1: Known variables for turbine-motor matching [1].

Variable Stator vane
Min 3.28 mNm
n 5528 RPM
I0 78.9 mA
kM 5.84 mNm/A
kn 1640 RPM/V
Rmot 0.39 W

At nominal torque and speed, a current of 0.49 A and a voltage of 3.15 V is

achieved on the output of the motor/generator. This results in an electrical power

output (Pel = V I) of 1.54 W. The efficiency of the motor/generator (ηg) can be

calculated using Equation 6.3, where Pel is divided by Pmech, the mechanical power
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output of the turbine.

ηg =
Pel
Pmech

(6.3)

The generator efficiency is 80.96% at this operating point, which is slightly less

than the rated motor efficiency of 84%, but is expected to be less. The total efficiency

(ηtotal) of the system can be calculated using Equation 6.4, ηt is the turbine efficiency,

which we had determined was 18%. Therefore, the total efficiency of the system is

approximately 14.6%.

ηtotal = ηgηt (6.4)

The electrical power output of the system when compared to the highest energy

expenditure of the telemetry tags discussed in this paper, 300 J/day, is more than

enough to supplement their current power source. Other marine telemetry tags have

reported using as much as 0.5 W per data transmission. Yet, the 1.5 W produced by

this system would be sufficient for these tags as well. This suggests the turbine-motor

assembly is a viable transduction method for pressure energy harvesting, as an ample

amount of power can be produced with a relatively low pressure differential of 11.7

psi.

6.3 Application discussion and integration

Although the results of the higher pressure input test, claim an efficiency double that

of the previous tests, the uncertainty in the result is larger. For a system of this

size, it is difficult to predict how performance will be effected at such high speeds.
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This can only be validated through additional testing or CFD analysis. However, this

estimate provides insight into the potential power outputs that can be reached. To

transfer and store the most energy each day, we may be able to gain small amounts

of power in increments as the animal dives and resurfaces. Recall the integration

configuration as mentioned at the start of this paper, which includes the turbine as

the transduction method between two flexible bladder accumulators. Refer back to

the pressure energy harvesting literature review for examples of similar systems.

In summary, as an animal dives, the pressurized sea water at depth compresses a

fluid-filled bladder forcing the fluid through the stator and rotor into the bladder of

the second accumulator, filled with ambient gas until equillibrium pressure is reached

in both accumulators. During the ascent, the sea water is less pressurized than the

internal gas, which then pushes back on the fluid-filled bladder to return to a balanced

state. Due to the small size of the tag, the accumulators must also be small in volume.

With the fluid flow speeds relatively high, the volumes would fill extremely quick

provided a high pressure drop across the system, allowing for only one harvesting

opportunity during a descent or ascent. In addition to this, the pressure drop would

not be consistent as the downstream accumulator fills and the pressure begins to

equalize. This may affect the overall efficiency and rated power output optimized for a

particular torque and speed and may not charge the batteries adequately. To mitigate

this, a bleed valve can be integrated to allow only a certain amount of flow to bleed

through over time. The system will consistently attempt to find equillibrium as the

accumulator fills though the animal continues to dive deeper, until the accumulator

is completely full. This would allow for a more consistent mechanical power input for

the rated motor and an extended time period of amperage flowing to the rechargeable
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batteries.

6.4 Summary

This chapter included a brief assessment of the viability of the turbine design for

transduction of pressure energy. The analytical model was used to predict the turbine

output power given a higher pressure input. Then a DC motor, used as a generator,

was matched theoretically to the mechanical power and used to calculate the transfer

of the mechanical input to electrical power output. The output and system efficiency

was compared to that of the energy expended by marine telemetry tags and the

results showed the design provides adequate supplemental energy compared to the

batteries currently used. Lastly, a discussion of how the turbine may be implemented

into a marine telemetry tag, not excluding other larger-scaled remote systems, was

discussed in depth.
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Chapter 7

Conclusions

7.1 Contributions

The contribution of the work presented in this thesis is the combination and modifica-

tion of known analysis methods of common turbomachinery and hydropower systems

to adequately model a hydrokinetic turbine prototype on the scale of millimeters. The

verification of the analytical model through experimental testing provided identifica-

tion and quantification of losses experienced on this scale. The effects of downsizing

on efficiency due to these losses provides information for future exploration and im-

plementation of miniature turbine technology for remote micro-systems. This work

also contributed to the novel idea of pressure energy harvesting in the marine en-

vironment by assessing the potential energy transferring capabilities with a turbine

operating at a given pressure differential.
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7.2 Future work

In future works, further testing of the turbine may be beneficial for characterization

with higher pressures and speeds. Manufacturing of the turbine from metal before

further testing may decrease the uncertainty in geometric properties and in return,

improve strength and surface finish. Variations to the design could also be made. This

includes returning to the longer blades as originally designed, while maintaining the

necessary changes made during the evolution of the prototypes. This is predicted to

increase the torque and efficiency as well, as clearance losses will be reduced. Stator

vane and rotor blade number can be optimized for the desired flow rate, system size,

and power output. Lastly, a prototype of the reversible accumulator system can be

developed in future works as described in the application discussion previously. The

viability of pressure energy harvesting can then be assessed more adequately with a

complete system.

7.3 Summary

A hydrokinetic turbine on the scale of millimeters was designed, developed, and an-

alyzed using common turbomachinery concepts, such as the velocity diagram for an

impulse, axial turbine. An analytical model, derived from Reynold’s Transport The-

orem, was created to calculate the torque-speed curves, power output, and efficiency

of the turbine at various flow rates or pressure drop. Prototypes of the turbine were

experimentally tested with a rheometer to validate the analytical model and identify

sources of loss in the system. The prototype had undergone various design changes

as experience with the equipment, CAD tools, and analytical methods progressed.
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Modifications included blade angle, size, and shape.

At approximately 1.92 psi, a maximum mechanical power output of 57.5 mW and

a mechanical efficiency of 9% was reached. An increasing trend in maximum power

output and efficiency was seen, suggesting that at higher pressures more power and

possibly higher efficiencies are obtainable. Through testing, losses such as minor head

loss, internal leakage, drag torque, and experimental setup losses were identified and

applied to the analytical model for comparison. Losses were found to increase linearly

with pressure as expected. The remaining percent error of 70-80% was predicted to

be due to physical modeling and experimental setup uncertainties.

The anaytical model and error trends were used to predict the performance of the

turbine for a higher pressure input to assess the viability of implementing the trans-

duction method in a system capable of powering small marine telemetry tags. At 14 m

below the ocean’s surface, the turbine experiencing an input pressure of 20 psig, was

predicted to output 1.9 W with a conversion efficiency of 18%. This prediction model

was then matched theoretically with a DC brushed motor to be run as a generator,

resulting in an electrical power output of 1.54 W with a total conversion efficiency of

14.6%. The results suggested the proposed transduction method is a viable option for

powering marine animal tags with integration of a pressure harvesting system. Future

works includes further testing of a machined turbine with optimized blade geometry,

CFD analysis, and implementation of the accumulator design for harvesting pressure,

for not only telemetry tags, but also larger scale systems such as AUVs and ROVs.
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