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Abstract

Marine hydrokinetic technology is a fast growing field that aims to capture energy
from flowing water. Micro-hydrokinetic technologies are a subset of marine hydrokinetic
systems, operating at much smaller scales generally considered less than 100 kW of
power production. Small-scale production is applicable for disaster relief and for military
application. A propeller-type hydrokinetic design with a high solidity was designed to
meet the needs of the Marine Corps in providing 500 Watts of continuous power while
also providing portability.

The finite volume method was used to solve the Reynolds-Averaged Navier
Stokes equations with the k- Shear Stress Transport turbulence model. The boundary
layer was resolved using wall functions to efficiently and effectively predict power
production. The Volume of Fluid multiphase model along with Open Channel boundary
conditions and a Numerical Beach was implanted to capture free surface effects. It was
determined that at a Froude number of 1.0 the mechanical power drops by approximately
33%. The drop in power production was due to enhanced wake-free surface interaction as
the blade tip approached the free surface.

Based on turbine-diffuser characterization, rapid-computational fluid dynamics
simulations, and free surface, multiphase simulations, a prototype was designed and
developed to produce 250 Watts of power. The final design utilized specific flow
conditions corresponding to the greatest percentage of potential installation sites where
the unit could be deployed. Numerical predictions were produced for the final
hydrokinetic turbine system, with a peak power coefficient value of 0.51 at a tip speed

ratio of 2.5.



Experimental tests were conducted at the Circulating Water Channel (CWC) at
the Naval Surface Warfare Center. The turbine operated in various flows ranging from
1.0 m/s to 1.7 m/s. The system produced 388.0 W of power at 1.7 m/s of flow, yielding a
peak efficiency of 0.36 at a corresponding tip speed ratio of 2.5. The power observed
from experiments showed positive agreement, with relative error less than approximately
3%, with that of the numerical predictions. The positive agreement between the
numerical and experimental results validates the numerical methods applied to the design,

modeling, and optimization of the turbine blades.



Chapter 1: Introduction

Motivation

Hydropower provides about 78 GW of energy production per year, which
amounts to 8% of total U.S. electricity generating capacity and nearly half of the nation’s
renewable energy capacity [1]. Conventional hydropower requires large capital
investments for development of civil structures required for energy production, storage,
and transfer. Many of the structures, dams specifically, may result in adverse reactions
involving the watershed, habitat, and overall ecosystem. Since marine and hydrokinetic
(MHK) energy conversion does not require such grandiose structures, it offers advantages
over the traditional forms of hydropower.

Hydrokinetic turbines use Kinetic energy from natural streams to drive the rotor,
thus reducing the need for large-scale civil construction to smaller scales for mooring.
Hydrokinetic technologies encompass a broad spectrum of systems and designs, which
include horizontal axis turbines, vertical axis turbines, and oscillating hydrofoils.
Although substantial strides have been made in hydrokinetic technologies, these
technologies still lag behind the bulk of work done on hydraulic design, economic
analysis, and implementation of conventional hydropower systems. An estimated 1,381
TWh/yr remains untapped for MHK technology deployment and implementation. The
conservative estimate of technically recoverable hydrokinetic energy in the continental
United States is approximately 120 TWh/yr [2]. Hydrokinetic turbines will be able to
exploit energy production potential in areas where conventional hydropower is not

feasible oris otherwise uneconomical.



Hydrokinetic Turbines
Hydrokinetic Turbine Types and Components

There are two primary characterizations for hydrokinetic turbine design:
horizontal axis and vertical axis. Horizontal axis turbines have the central axis of the
rotating blades aligned such that it is parallel to the normal vector of the oncoming
velocity, under ideal conditions. Vertical axis designs have the central axis perpendicular
to the oncoming velocity. Vertical axis turbines are generally have less complicated blade
designs and are easier to implement with the downside of lower operating efficiencies.
Horizontal axis turbines offer improved efficiency however require adequate blade design
and unit orientation during operation. In addition to the design of horizontal axis turbines,
mooring, or the means of holding the turbine within the flowing medium, is complex and
varies depending on the environment in which operation will occur. Figure 1 includes the
hierarchical breakdown of hydrokinetic turbine design and corresponding mooring

methods.

| Hydrokinetic Turbane |

| Horizonial Axis

| |‘-.{ ~Darriens (Strmpnt Blade -
| Straight Axig ||1|1|:li|u}d .-‘i.:~:|5|

| Cross Flow | Viertical Axis

| -Darrices (Strwpht I'i_||||_1g:}|—

Buwyant Mot ir:|_|;,| | Damiews (Curved Blade) I—

|.‘5-.;]1|! Maouwringe

|‘.‘-'¢_-11-.u|.:hm|:1,=__=ud Gremeralor | Gorlov (Helical Blade) I—

| Submerped Genarator Sovonius {StraightSkewed) =

Figure 1. Hydrokinetic turbine classification [3]



Turbine units are comprised of approximately five main components. The primary
component is the turbine blades, or runner. This component serves as a mechanism for
converting the Kkinetic energy of the free flowing fluid to mechanical power in the form of
torque. A gear box is used to convert the torque and angular velocity of the runner shaft
generated by the blades to a torque and angular velocity that is more advantageous for
mechanical-to-electrical energy conversion. In essence, the gear box allows for
mechanical-to-mechanical energy conversion predicated by design requirements. A
generator is used to convert the mechanical power converted by the gear box to electrical
power. The nacelle is the component that holds the gear box, generator, and any
necessary wiring for electrical power transmission.

Actuator Disk Theory

The theoretical limit of power that may be extracted from an open flow field is
credited to German physicist and wind energy pioneer, Albert Betz [4]. The derivation
conducted is based on conservation of mass and linear momentum of flow passing
through a stream tube. It is assumed that the stream tube is the control volume and that
inlet and outlet serve as control surface boundaries. Several underlying assumptions are
made for the Betz derivation:

e No frictional drag exists within the control volume

e The control volume consists of a homogeneous, incompressible, steady flow

e An infinite number of thin blades distributed about the actuator disk

e The thrust distribution about the actuator disk is uniform, this includes the
assumption of a zero-drag hub

e Flow in the wake is linear and has no rotation
5



e Static pressure upstream and downstream of the rotor is equivalent to the

undisturbed static pressure of ambient airflow

Glavert [5,6,7] provided derivations to determine maximum power of a rotor that
were not limited to linear momentum theory of a stationary actuator disk as Betz had
done. The flow was still considered to be incompressible, steady, and homogeneous.
Additionally, viscous effects within the flow were neglected. Therefore, flow effects
commonly observed in modern wind turbines, such as flow separation and turbulence,
were neglected. In Figure 2, the stream tube used for both derivations is provided in
Figure 2a and the rotating actuator disk used in Glauert’s work is provided in Figure 2b.
Each position used for the performance analysis is included in Figure 2a. Position 1 and 4
are the upstream and downstream positions of the actuator disk, existing where the stream
tube begins to increase in size. Position 2 lies slightly upstream from the actuator disk

while Position 3 lies slightly downstream.

(b)

&/

Figure 2. Stream tube through an (a) actuator disk and (b) schematic for rotating actuator
disk



Derived values of the maximum power coefficient (Cp) terms are contained in
Table 1. Additionally, Figure 3 includes both the Betz limit and the Glauert limit as a
function of tip speed ratio. From both Table 1 and Figure 3, the maximum power
coefficient does not reach 50% of the potential from the flow until the tip speed ratio is
approximately 2.0.

Table 1. Glauert derivation data

A a, Cp,max
025 02796 0.176
0.5 0.2983  0.289
075 03099 0.365

1 0.3170 0.415
125 03215 0.451
15 0.3245  0.477

2 0.3279 0511
2.5 0.3297 0.532

3 0.3307  0.545
3.5 0.3314  0.555

4 0.3318 0.562
6 0.3327 0.576
8 0.3330  0.582

10 0.3331  0.586

0.6 S

-_—————-——.———-—
- -
- -
-

0.5 -7

0.3 !

CP,max

!
0.2 -, — Bety

- = =Glauert

A

Figure 3. Betz limit and Glauert limit.
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Turbine Design Parameters

For axial hydrokinetic turbine design, two approaches may be applied: bottom-up
and top-down. The top-down approach involves looking at the global characteristics that
are desired and composing subsystems that result in the desired characteristics or to
emulate them as closely as possible. A bottom-up approach starts with subsystems and
results in global characteristics after subsystems have been modeled, designed, and/or
created. Both approaches may be applied to hydrokinetic turbine design procedures.

A propeller-based turbine design is produced through inputting the desired
efficiency (in this case, the power coefficient), power, and flow velocity. In this top-down

method, diameters of the overall system are approximated using the following equations:

8P
D, = Q)
CpmpU3

8P
CpmpU3

b= [3(02 =D ®

where: D, is the tip diameter, D, is the hub diameter, D,, is the mean diameter, P is

o~

Dy

R

D? —

2)

power, Cp is the power coefficient, and p is the density. Both tip and hub diameters are
approximated through the use of equations (1) and (2). This relationship for tip diameter
is derived from the relation between diameter and power flux through the rotor blade
from equation (12). Since an underlying assumption in forming equation (12) was that no
hub existed, the result must be rounded up to account for the area lost by the hub. Once

the tip diameter is selected, the hub diameter is predicted as depicted in equation (2). The
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formation of the mean diameter allows for blade angles to be prescribed to preliminary
turbine blade designs. Multiple diameters between the hub and tip may be utilized to
increase user control of the blade angles.

Following the formation of the tip, hub, and mean diameters, the relative flow
angles to the rotating frame of reference of the turbine are determined. A simplifying
assumption used is that the relative flow angles entering and leaving the turbine are only
functions of radial distance. This implies that the relative flow angle incident to the
leading edge of the blade is the same as the deviation of the flow from the trailing edge
(B, = B, =¢&). This leaves the local tip speed ratio () and relative flow angle to be
calculated from the following equations:

iIp 0

§=2 l}" 4)
B =tan"1¢ (5)
B =Y =P+ 24874870876 (6)

Here, & represents the local tip speed ratio used for propeller design, £ is the blade angle,
B' is the relative blade angle, '’ is the stagger angle, and Q is the angular velocity. Due
to the equality between relative incidence and deviation flow angles, the leading edge and
trailing edge relative blade angles have the following relationship: B; = B, =’
Additionally, the relative blade angle and the stagger angle are equal (8’ = ). Cebrian
et al. [8] empirically related the relative blade angle to the relative flow angle and the
local tip speed ratio for maximum pressure loading in flat plate cascades as seen in

equation (6).



In addition to parameters used to determine the tip, hub, and mean diameters,
additional design parameters including solidity, blade thickness, and, typically, the
number of turbine blades are selected a priori. The circumferential spacing between
blades, mean chord length, meridional blade length, and wrap angle are determined

through the use of the following:

s=7" ™

c=os ®)

Am = ¢ cos1p )

26 = 2 giny (10)
Dm

where s is the circumferential spacing between turbine blades, Zs is the blade number, c
is the chord length of the blade, Am is t he meridional length, and A8 is the wrap angle of
each blade. The preliminary two-blade design studied is pictured in Figure 4. The input
and output design parameters of the preliminary turbine produced by Schleicher et al. [9]
is provided in Table 2. Power predictions of the final design were within approximately

7.0% of the prescribed power input.

Figure 4. Preliminary turbine blade geometry.
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Table 2. Preliminary design parameters

Input Design Variables

P 500 [W] o 083 [-]
Cp 04 [-] Zy 2 [-]
U 225 [ms?] t 0.0127 [m]
w 15708 [s?]
Output Design Variables
D, 05334 [m] Y 7226 [°]
D, 0.0635 [m] s 05882 [m]
D, 03745 [m] c 04882 [m]
& 13072 [-] A6 14229 [°]
B 5258 [°] Am 0.1488 [m]
B’ 7226 [°]

Another design methodology for hydrokinetic turbines is the bottom-up approach.
In this case, for horizontal axis turbines, hydro-foils are analyzed and used as cross
sections of individual blades of the overall system. Different hydro-foils are implemented
in the radial direction outward of the central axis of rotation. Each cross-section has a
corresponding camber length, thickness, and pitch distribution (the rotation of the foil at
that location). An example of this design method is highlighted in the work of Molland et
al. [10] where preliminary foil geometries were analyzed to determine which had
properties that would ultimately improve blade performance. The work done by Molland
et al. [10] determined that the NACA 63815 series provided the best drag and lift results
for turbine modeling. Batten et al. [11] of Bahaj et al. [12] tested a 0.800 meter diameter
design using the NACA 63815 foil geometrie. The radial position, chord length, pitch

distribution, and corresponding thickness of each foil are provided in Table 3.
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Table 3. Turbine blade and hub design [12]

rR Radius (mm) c/R Pitch Distribution (deg) t/c (%)
0.2 80 0.125 15 24
0.25 100 0.1203 12.1 22.5
0.3 120 0.1156 9.5 20.7
0.35 140 0.1109 7.6 19.5
0.4 160 0.1063 6.1 18.7
0.45 180 0.1016 4.9 18.1
0.5 200 0.0969 3.9 17.6
0.55 220 0.0922 3.1 17.1
0.6 240 0.0875 2.4 16.6
0.65 260 0.0828 1.9 16.1
0.7 280 0.0781 15 15.6
0.75 300 0.0734 1.2 15.1
0.8 320 0.0688 0.9 14.6
0.85 340 0.0641 0.6 14.1
0.9 360 0.0594 0.4 13.6
0.95 380 0.0547 0.2 13.1
1.0 400 0.05 0 12.6

Performance terms, including power, thrust (T'), drag (D) and lift (L), of the
modeled hydrokinetic turbine designs are normalized based on swept area (A), fluid

properties, and upstream velocity. Performance and normalized terms are included below:

P =10 (11)
p (12)
Co =1
r (13)
Cr= 1 5
D (14)
CD=1 5
L (15)
CL_l 5
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OR (16)

Here: C; is the thrust coefficient, C,, is the drag coefficient, and C, is the lift coefficient,

and A is the tip speed ratio.

Literature Review

Hydrokinetic technologies have had a growing interest as green sources of energy
are increasingly pushed to replace fossil fuels. Hydrokinetic forms of energy remain one
of the primary untapped resources, along with micro-hydro, within the hydro field. Bahaj
et al. [12] and Batten et al. [11,13,14] have researched horizontal axis tidal turbines
extensively with their work encompassing blade element momentum (BEM) theory,
computational fluid dynamics (CFD) predictions, and experimental turbine performance
results. Specifically, Bahaj et al. [12] generated power and thrust profiles for a traditional
hydrokinetic turbine design at varying angles of blade pitch and turbine yaw. Based on
blade pitch and yaw, the influence of stall delay along hydrofoil sections on the overall
turbine performance was characterized. Mukherji et al. [15] compared BEM results with
CFD predictions for a horizontal axis turbine design rated for 10 kW of power output.
Kolekar et al. [16,17] expanded on the work in an effort to optimize turbine based on
profile, blade, and flow characteristics.

The effects of turbine operation in close proximity to the free surface were
investigated by both Bai et al. [18] and Kolekar and Banerjee [19]. Bai et al. [18]
expanded on the work conducted by Bahaj et al. [12] and used a multiphase solver to

determine the power production of the turbine at a flow speed of 1.73 m/s and a depth of
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0.55D¢ between the inttial free surface level and the turbine blade tip. Under the operating
conditions applied, a minor drop in power output of approximately 6% was observed.
Kolekar and Banerjee [19] numerically and experimentally tested the optimized turbine
produced from their previous work near the free surface. The free surface to turbine blade
tip depth investigated ranged from 0.01 mto 0.22 m. As flow increased, optimal turbine
performance was reported to occur at a depth of approximately 0.25D: between the free
surface and the blade tip. Deformation of the free surface was also characterized
according to vertical position along the air-water interface and location with respect to
turbine position.

In addition to work conducted on hydrokinetic technologies, research involving
horizontal axis wind turbines provides useful design improvements. Gilbert et al.
[20,21,22] and Foreman et al. [23] experimentally tested the use of an annular diffuser
that would provide significant improvements in power production of horizontal axis wind
turbines. Application of the diffuser removed the Glauert and Betz limits [4,5] previously
imposed. Early diffuser augmented wind turbine models tested were capable of
production up to 4.25 times as much power as the same turbine operating at optimum
conditions within a freestream. The same concept has been applied to numerous
hydrokinetic turbines with varying diffuser designs being implemented. Mehmood et al.
[24,25] numerically predicted diffuser designs constructed of hydrofoil geometries with
the purpose of maximizing the flow along the center axis of the diffuser. The NACA-
0018 foil was determined to produce the most desirable velocity and was then augmented

with to a preexisting turbine design [26].
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Objectives and Outline of Dissertation Work

The dissertation is comprised of six chapters. Chapter 1 is the introductory
chapter which highlights the key, fundamental theory behind wind and hydrokinetic
energy conversion. The two types of horizontal axis hydrokinetic turbine blade design
methods are discussed with tabulated data provided on examples of both propeller blade
designs and traditional radial profiled blade designs.

Chapter 2 highlights the numerical methods and mathematical models
implemented in the body of work. Reynolds Averaged Navier-Stokes equations for both
absolute and relative reference frames are provided. The k- Shear Stress Transport
turbulence model and the Volume of Fluid multiphase model equations are outlined. The
finite volume method is highlighted with a focus on the specific solvers that were
implemented.

In Chapter 3, data obtained from the United States Geological Survey on river
velocity, depth, and head is analyzed. Data in three year increments between 1960 and
2015 are displayed to project approximate river flow and depth expectations for the
future. Probability distributions of potential turbine operating sites are generated to
highlight usefulness of the units over effective ranges of viable flow speeds and
corresponding depth.

In Chapter 4, diffuser application is highlighted with respect to the propeller
design method. Optimization methodology is characterized and implemented to improve
the diffuser design. Three separate parameters were optimized for a prelimanry unit with
the goal of producing 500 Watts of mechanical power while limiting the thrust generated
to 125 Ibf. A response surface was produced based on 15 generated results. The results of
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optimization processes indicated that the design space needed to be adjusted to meet the
desired power output design requirements. Performance characteristics of the diffuser
augmented propeller design are highlighted along with the implications with respect to
overarching design goals.

Chapter 5 highlights efforts to model the negative effects resulting from turbine
operation near the free surface. The investigation is a result of the physical limitations
presented in Chapter 3, where the river depth is one of the primary limitations to the
turbine design for river applications. Lower river depth indicates a hard limit on turbine
tip diameter and suggests that blade tip-free surface interaction is likely to exist.
Performance results of the propeller design in close proximity to the free surface are
compared to that of traditional turbine designs under similar loading.

Chapter 6 provides highlights and an outline for a prototype design constructed
based on a optimized turbine design consisting of a propeller blade geometry and
diffuser. The primary focus of the section is on individual components selected for the
conversion of mechanical to mechanical, mechanical to electrical, and electrical to
electrical energy and the selected blade design parameters. Performance characteristics of
the final prototype system are included to account for all aspects of the design instead of
only the blades and diffuser.

Chapter 7 presents concluding remarks and provides a brief summary of the

primary conclusions generated, primarily from Chapters 3 through 5.
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Chapter 2: Numerical and Mathematical Modeling

Reynolds Averaged Navier-Stokes Flow Model

The hydrokinetic devices investigated operate in the presence turbulence effects
occurring both within the entering flow field as well as the flow field occurring
downstream as a result of the turbine obstructing the flow. Therefore, in order to
accurately capture the turbulence coexisting with the turbine, an appropriate model must
be implemented. Both propeller turbine design and traditional hydrokinetic turbine design
presented in Chapter 1 requires modeling turbulence effects to ensure accuracy over the
full range of operation for each respective design. The following chapter highlights the
derivation of the flow model necessary to model these designs three dimensionally.

The Reynolds Averaged Navier-Stokes (RANS) equation derived in this chapter
is for the absolute reference frame. The derived equation is extended to the rotational
reference frame through correlating the rotation rate to the rotation speed applied to the
turbine blade(s). Through this extension of the RANS equation, three dimensional
simulations may be conducted using either transient analysis with the absolute reference
frame or steady state analysis with the rotational frame. Each equations was formulated
under the assumption that flow observed is incompressible. Reynolds decomposition is
used to separate velocity components of the Navier-Stokes equation into two separate
components: a time-averaged term denoted by U and a fluctuation term denoted by u'.
The velocity term and the time-average term are provided below:

u;(x;,t) = U;(x;) + u'(x;,t) (17)
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t+At
U,(x;,t) = A—J u;(x, t)dt,At; K At LK At, (18)
t

where u;(x;,t) is the velocity term variable in both time and space, At is the time scale
over which the time-averaging occurs, and the terms At, and At, are the upper and lower
bounds of the time scale used for averaging. The upper bound must encompass all slow
variations exist within the flow field that are not regarded as a result of turbulence. In
many engineering applications, the time-scale condition existing in equation (18) is not
fully satisfied and no boundary between the imposed unsteadiness and turbulent
fluctuations exist [27].
Absolute Reference Frame

The derivation starts with the conservation of mass and the Navier-Stokes
equations (conservation of mass and momentum) for an incompressible flow in a

continuous medium, provided below in equations (19) and (20).

o _ 19
axi - ( )

ou; ou; dp 0t
Oui o TH) 0P | 9% 20
p(at +ufaxj> ox, (20)

where p is kinematic viscosity, t;; is the stress tensor, and s;; is the strain rate tensor. For

simple fluids, including water which is the primary focus of the work contained in this

manuscript, the stress and strain rate tensor are symmetric (¢;; = t;;, s;; = s;;). The

production term from equation (20) is expanded in equation (21).

Jdu; Ju;
] l

(21)
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ou; . . . .
The af- term is reduced to zero due to the conservation of mass observed in equation
j

(19). The final form of the Navier-Stokes equation is the presented in equation (23).

ou
Jax ( Uj; ax ( Jul) (22)

6u+6( _Op
P\t Tax, MY )T Tox,

Equations (19) and (23) undergo Reynolds decomposition resulting in time averaged

i) (23)

equations shown below. It should be noted that v} = 0 and @, = @, = U,.

5y, Ui+ ) =0 (24)

ad +5 (UU vy )= -2 +5 (2 Si;) (25)
P\t 0x; 0x; Hoyj
After eliminating terms and rearranging the time averaged Navier-Stokes equation in

equation (25), the final time averaged equations for conservation of mass and momentum

are provided below:

e 0 26
axi - ( )

U, @ o 0 __
a_xj(UjUi) By +a_xj(2VSij — puju;) (27)

A term —pu u/, formulated in equation (28) is based on the term generated in equation

(27). This new term, pt;;, is known as the Reynolds-stress tensor and 7;; is known as the

ijr

specific Reynolds stress tensor.

T = —uuY (28)

t
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Like the stress and strain rate tensor included in equation (21), the Reynolds stress tensor
is symmetric. From this tensor, six additional, independent, unknown quantities are
produced as a result of applying the Reynolds averaging to the Navier-Stokes equation.
This is the fundamental problem with turbulent flow modeling. A sufficient number of
equations are required to allow the system to be “closed” [27]. The primary goal in
turbulence modeling in recent decades has been adequately prescribing a relationship for
the Reynolds stress term.
Rotational Reference Frame

Flow around modeled rotors is extremely unsteady even when turbulence
conditions tend towards favorable conditions. Solving the equations for the rotational
rotor in the absolute reference frame becomes increasingly difficult. Therefore, it is
advantageous to transform the equations in the unsteady inertial frame to the steady, non-
inertial frame of reference. The inclusion of centrifugal and Coriolis forces is necessary
to transform the transport equations from inertial to non-inertial reference frames. The

conservation of mass and momentum in the non-inertial frame of reference are listed

below:
ow; 0 (29)
0x;
ow; ow; 10p o wi
ot v 0x; T ;a_xl ™ e W T G Cuse e s Y 0x;0x; 0

In equations (29) and (30), the relative velocity is represented by w. The permutation
symbol is € and the angular velocity of the reference frame is 2. A similar process as to
that used in converting equation (20) to the form in equation (27) is applied to the

equations (30) and (31) to generate the time averaged
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aM/i— 0 31
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2

ow, o(ww,) a(ww))
Jt + ax; + dx;

] ]
(32)

10P 0°W,

p 0x; Ox;0x;

where W is the time averaged relative velocity and the w/w; is the time averaged
fluctuation term similar to specific Reynolds stress provided in equation (28).

Turbulence Modeling

As previously mentioned, the time averaged fluctuation transfer term that appears
in the derived Reynolds-average Navier-Stokes equation, —Tu]’, results in an additional
six unknown quantities. The influx in unknown terms relative to the governing equations
of flow results in the system to be considered open. The goal of turbulence modeling is to
derive relations for each of the six components in order to close the system of equations.

A common approach to generating the additional equations necessary for closure
of the system is using the Boussinesq eddy-viscosity approximation [28]. Under the
assumption that a linear relationship exists between the stress and strain within the flow

field, the specific Reynolds stress tensor along with the mean strain-rate tensor may be

computed. Two new terms are introduced to allow for the specific Reynolds stresses to be

defined:
1
k= Eu’lu]’ (33)
~Zks O 4 9% (34)
i T30y TV Ox; Odu;
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where k is the turbulent kinetic energy, &;; is the Kronecker delta, and v is the kinetic
eddy-viscosity, which varies depending the specific turbulent model implemented.
Two separate dissipations terms are introduced in the relationship below:
e=cyk3%/1 = B*wk (35)
where ¢, and B* are closure coefficients, |is the turbulence length scale, ¢ is the
turbulent dissipation rate, and w is the specific turbulent dissipation rate. The units for the
dissipation rate and the specific dissipation rate are m?/s® and 1/s, respectively. One
turbulence model based on the Boussinesq eddy-viscosity approximation is the k- Shear
Stress Transport (k- SST) developed by Menter [29,30]. This two-equation turbulence
model offers improved prediction of adverse pressure gradients in the near wall region as
compared to the standard k-w and k- models by incorporating Bradshaw’s observation
that turbulent shear stress is proportional to the turbulent kinetic energy in the wake
region of the boundary layer [27,31]. At regions near wall boundaries the k-« SST model
imitates the k- model. At regions far from wall boundaries the k- SST behaves
similarly to the k-¢ model. The equations for kinematic eddy viscosity, turbulent kinetic

energy, and specific dissipation rate are:

_ ak 36
Vr = max(a,w,SE,) (36)
6k+U ok U, o + d o )6k 37)
oc tUign, = Mgy, PRt o |V o) o)
aw+an_ g 2+6 o+ )Ow
at dx; - po 0x; VT %Vt ax;
(38)

1 0k dw
w 0x; 0x;

+2(1-F)o,,
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where v, is the turbulent eddy viscosity, v is the kinematic viscosity, k is the turbulent
Kinetic energy, w is the specific dissipation rate, «is a closure coefficient, S is a closure
coefficient, S is the mean rate-of-strain tensor, and F, and F, are blending functions. The
blending functions F, and F, are the key indicators in determining the relative distance
from boundary regions and how the k- SST model will manifest itself through the k-w
model, k-¢ model, or combination of the two. The k-« SST model utilizes the strengths of
the k- model and the k-¢ model resulting in improvements to performance
characteristics and wake profile predictions in cases where flow separation is present,
especially in cases where adverse pressure gradients exist. For the sake of brevity, the
blending functions of the original SST model are not included amongst equations (36)
through (38). The functions themselves as well as the closure coefficient values may be
obtained from Wilcox [27].
Numerical Method

Many computational approaches may be applied to simulate complex flows in the
broad field of fluid dynamics. Methods used convert the governing equations, including
the Navier-Stokes equation, into a system of discrete algebraic equations. Examples of
discretization methodology include finite difference, finite element, and finite volume.
Implemented numerical methods may obtain a solution to the system of nonlinear
algebraic equations after discretization occurs. Two of the more common approaches are
the finite volume method and the finite difference method. The difference between the
two methods is in the discretization procedure. In finite differencing, the partial
differential equations are discretized. In the finite volume approach, the integral form of

the equation is discretized. Use of a finite volume discretization becomes advantageous
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as the target geometry of a study increases in complexity. With the finite volume
discretization, control volumes are used instead of the typical grid intersection points
used with the finite difference approach. A drawback to finite volume approaches is that
utilizing higher order discretization schemes becomes increasingly complex for three-
dimensional analysis. Commercial solver packages, including FLUENT and CFX,
incorporate finite volume methods to solve the governing equations in CFD.

The fundamental basis of the finite volume method is the control volume
integration with Gauss’ divergence theorem. The divergence theorem, provided below,
intuitively implies that net flow from a region is equivalent to the sum of all source terms

minus the sum of all sink terms.

fﬂv (v-F")dvzﬁs (F-7R)ds (39)

where V is volume, S is surface, F is a vector field, and 7 is the outward pointing unit

normal vector. The left side of equation (39) is the volume integral and right side is the
surface integral over a smooth, closed surface. Applying equation (39) to generic flow
variable, ¢, in the x-direction, the change of variable ¢ in the x-direction can be

approximated as:

- ff e V-—ffdwm ~ 2¢1A1x (40)

where V is the discretized volume, A4;, is the x-direction projection of the ith face of the
discretized volume, and N is the number of closed surfaces existing on the discretized
volume. Equation (40) provides the fundamental basis for solving partial differential
equations of flow variables in three dimensional geometry.
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Finite Volume Methods Implemented

Coupled and Pressure Implicit with Splitting of Operators (PISO) [32] pressure-
velocity solvers were the two primary methods implemented. Transient simulations were
conducted using the PISO pressure-velocity coupling solver with neighboring corrections
which require additional time per iteration but decreases the number of iterations required
for timestep convergence. Implementation therefore greatly accelerates convergence of
solutions where additional computational resources are required to account for transient
effects. Skewness corrections were also applied to account for cells to reduce
convergence difficulties present where cells may experience distortion resulting in issues
with mass flux values between adjacent cell faces. In steady-state simulations a Coupled
solver was used to determine the resulting flow field. The Coupled algorithm provides a
similar robustness to steady-state simulations as to the PISO algorithm and efficiently
solves continuity and momentum equations in simulations limed to a single-phase.
Multiphase Modeling

To adequately model the interface between air and water, discretizing the control
volume such that both phases may be accounted for is necessary. More specifically, the
goal of the discretization is to allow for the interface to be tracked in both space and time.
Three separate multiphase models exist: Mixture, Volume of Fluid (VOF), and Eulerian.
The Mixture and VOF models solve a single set of equations for all discrete phases. The
Eulerian model solves a set of governing equations for each phase. The Mixture and VOF
models differ in that the Mixture model allows for the phases being modeled to be

interpenetrating and to move at different velocities. The VOF model is the focus of
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efforts made in modeling the effects of hydrokinetic turbine operation at a close
proximity of the free surface.

With any multiphase simulation, multiple phases must be accounted for in relation
to each cell. The volume of each cell based on the volumes of each phase, the equation
for volume fraction, and conservation of mass represented by volume fraction are

provided below:

V.=V, +V, (41)
a, =V, /V, (42)
n
Z @, =1 (43)
q=1

where V_ is the cell volume, V, is the volume of the primary phase, and V, is the volume
of the secondary phase. The term aindicates the volume fraction, locally within the cell,
of the primary phase. The volume fraction of the gin phase, represented by a,, is required
to be within the range of zero and one. In the current body of work, the primary phase
was specified as air while the secondary phase was water. Due to air having a
significantly smaller density than water, results are more accurate by allowing air to be
the primary phase.
Volume of Fluid Model

Noh and Woodward developed the Simple Line Interface Calculation (SLIC) as
the first formulation for tracking an interface that exists between two fluids [33]. Hirt and
Nichols expanded upon tracking the fluid interface by formulating the VOF model [34].
The equations for volume fraction, implicit formulation, and momentum of the VOF

model are provided below.
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where M is the mass source term. The tensor velocity is provided as Ui and the pressure is

(45)

specified by the term P. The terms m,,, and m,, represent the mass transfer from phase g

to phase p and vice versa. The volume flux through the face of each cell, based on the
normal velocity, is provided by Us. Steady-state solutions are only achievable for VOF,
multiphase modeling when the solution is independent of the initial condition. In order to
both obtain the final solution and to ensure the stability of the calculations for the present
turbomachinery application, transient analysis are necessary for flow-modeling purposes.
Interface Mapping and Stability

For open channel modeling, numerical reflection of waves is caused by the outlet
and results in numerical instability. Numerical Beach Treatment is applied to the outlet of
the river domain. The numerical beach acts as a damping sink and prevents the numerical
reflections that may be generated near the pressure outlet boundary. Equations

implementing the damping are listed below [35,36]:

20,2 = ¢ (3010103 ) 90)9 @ (@7)
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Z—Zg

z= Zo — 75 (48)
_ y _yfs
Yy (49)
9(2) = (r,)? (50)
gy) =1-rn (51)

Here & is the momentum sink term, c is the damping resistance, and g(y) and g(z) are the
damping functions in the y-direction and z-direction. Damping functions are comprised of
two dimensionless scaling factors, r, and r,,. The points at which the damping zone begin
and end are denoted by z, and z,. The position of the free surface along the direction
corresponding to the gravity normal vector is specified through y; while the channel
bottom is y,. A damping resistance, c, of 10 1/m was applied to each case investigated.
The free surface level and channel depth were specified according to the orientation of
the fluid geometry and corresponding depth-based Froude number.

The Courant-Friederichs-Lewy condition, provided below, was applied to ensure

the stability and accuracy of the computational results.

_ U,At

Cu= <Cu

(52)

max

where Cu is the Courant number, Az is the cell size in the flow direction, Atis the time
step increment, and Cu,,,, iS the maximum Courant number. The max Courant number is
one but may be exceeded when an implicit model is used. The true representation of the
Courant number is the amount of time required for a fluid particle to pass from one cell to
the adjacent cell. Even when using implicit solvers, reducing the Courant number is

essential to ensure accuracy in the solution. For multiphase simulations reported in this
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manuscript, for the given flow conditions modeled and the grid sizing, the average
Courant number of the computational domain was approximately 0.2.
Boundary Conditions

Simulations were comprised of a rectilinear or semi-cylindrical channel
comprised of two separate subdomains. The first region represented the river domain and
the secondary domain was a smaller, cylindrical domain known as the turbine domain.
Figure 5 includes the isometric view of the two-domain setup, along with the cross
sectional view and an example turbine geometry. The grids are non conformal connected
between the turbine domain and the river domain when hexahedral elements were used.

For tetrahedral meshing the grid interface is conformal.

A “Frex Soaface”™ Okt
River
'u i Tuirhine
Dotnain
Laled

River Bed

Figure 5. General boundary condition setup for RANS-CFD analysis [37].
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The Generalized Grid Interface (GGI) method was used in cases where non-
conformal meshes that were either exclusively or predominantly comprised of hexahedral
cells. The GGI couples the non-conformal grids using weight factors to balance mass
fluxes at each interface region [38]. The river domain typically had a semi-circular cross
section, as shown in Figure 5, but was changed to a rectangular channel for multiphase
simulations.

Single Phase, Steady State and Transient Simulations

For cases involving single phase, steady state analysis, the turbine domain from
Figure 5 was held stationary with the fluid being converted from the absolute reference
frame to the relative reference frame using equations (29) and (30). Velocity was
specified at the inlet and a zero pressure gradient, constant gauge pressure condition was
applied at the outlet. Noslip boundary conditions were applied to the turbine rotor and
the river bed. The turbulent boundary conditions at the inlet and outlet were specified

using the following:

I =0.16(Rep, )" (53)
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[ =0.07Dy = 0.07 (—) (54)
R,

Here | is the turbulent intensity, Dw is the hydraulic diameter, Rep,, is the Reynolds number

based on the hydraulic diameter, and B,, is the wetted perimeter of the channel. Transient
simulations were conducted using a similar procedure. However, for transient analysis, the
turbine domain computational grid rotated and calculations were done exclusively in the absolute

reference frame.
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Multiphase, Transient Simulations

For multiphase simulations, a rectangular channel was used in lue of the
semicylincrical computational domain depicted in Figure 5. The boundary conditions
imposed on the velocity and the pressure fields were: a no-slip and no-penetration wall on
the river bed, sides, and top of the domain, constant mass flow rate at the inlet, and a zero
pressure condition at the outlet. The mass flow rate was specified at the inlet for each
phase. A value of 52570.2 kg/s was specified for the water phase (yielding an
approximate freestream velocity of 2.25 m/s) and a value of 0.01 kg/s was applied to the
air region to ensure an air flow of approximately zero. The turbulence intensity was
specified as 2.233% at both the inlet and outlet of the domain. Specific values of k and ®
were applied for added stability. The outlet utilized a zero gradient condition for velocity
at the outlet with constant pressure. Open channel boundary conditions were applied at
both the inlet and outlet indicating both the free surface level within the channel as well
as the depth of the channel from the origin. A sliding mesh with a three general grid
interfaces (GGI) between the turbine domain and the river domain was incorporated to

model the rotation of the turbine.

TurboGrid

Due to the complex nature of the blade design and orientation, it was necessary to
use hexahedral elements whenever possible in the numerical analysis to minimize error,
improve stability, and more accurately model performance. TurboGrid was used to
formulate the grid structure about the blade surface, the hub, and along the outer shroud
of the turbine domain. TurboGrid allows for flexibility in cell placement and structure

that allows for nodes to be positioned more efficiently within the volume where
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phenomena such as turbulence and adverse pressure gradients are more likely to exist.
Additionally, the control over the grid sizing and structure provides the means to capture
the boundary layer and flow separation.

Figure 6 through Figure 8 shows an example of the mesh produced in an axial
view, the inflation layer along the hub and outward away from the blade, and the mesh
along the meridional section of the turbine blade specified during the design process. The
grids along the blades are generated after a three curve (.curve) files detailing the points
along the hub, shroud, and each meridional postion of the turbine blade(s) are inputed.
An example input, for the two blade propeller design outlined in Table 2 are provided in

Appendix A.

Figure 6. Turbine domain axial grid structure.
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Figure 7. Boundary layer inflation along the blade and hub.
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Figure 8. Grid structure along the meridional plane of the turbine design.
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Chapter 3: River Application and Analysis

Motivation

Many hydrokinetic turbine units have been designed for a specific location where
ample amounts of preliminary tests have been done to adequately determine expected
flow conditions. The units are designed specifically for these conditions in a manner that
allows for improved efficiency and power production. The same units would not allow
for implementation within many other settings.

In design for a portable device, it is necessary to develop and understanding of
reasonable flow predictions throughout the region where the device is intended to
operate. Testing every location of every river within the United States is unreasonable
and impractical. Therefore, data obtained by the United States Geologic Survey (USGS)
from testing sites along each river is used to form base predictions and expectations of
river flow. Itis a base assumption that results from the sites collectively will adequately
represent expected flow throughout the United States. Overarching goals of analysis are
to determine the influence of various flow characteristics to determine how many rivers
fall into various flow speeds, average water depth, and the percentage of sites from the
data would be within an operable for a designed turbine with power goals in mind.
River Data and Restricting Variables

Data provided by USGS vyields average channel velocity, channel width, and
channel area at site locations. From the channel width and the channel area, an
approximate depth of the channel may be determined assuming a rectangular cross
section. The two primary channel characteristics analyzed are the flow velocity and the

average channel depth. Beyond turbulence parameters, which will vary greatly from site
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to site, the velocity and depth are the most influential factors involved in successful
hydrokinetic turbine deployment and operation. Understanding these parameters and how
they change over periods of time become essential for guaranteeing successful
deployment. Due to changes in rainfall from a year-to-year, decade-to-decade basis, two
separate analyses were conducted. The first involves a three year span ranging from
January 2010 to December 2013 and the second ranging from January 1980 to December
1983. By using the three year span, anomalies such as years with little rainfall that might
skew data are minimized. The three decade gap between the two sets of data allows for
observations to be made on how changing climates affect flow conditions and predict
future conditions. A gamma probability density function (PDF) was used to determine
turbine design conditions that would yield the largest probability of potential operable
sites. The gamma probability density function is provided below in equations (55) and
(56). The gamma function is provided in equation (57).

'Baxa—l e—Bx

glnap) = (5)
f glx;a,p)=1 (56)
r'(t) = t-lg=*d 57
(t) jox e *dx (57)

where g is the gamma distribution function, T"is the gamma function, o is the shape
parameter, 3 is the rate parameter, and x is the variable used for distribution. For the
present analysis, free stream velocity is used in place of x.

Equations (55) through (57) were applied the river data detailing observed

average river speeds after histograms of the data were formed using a bin size of 0.25
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m/s. In addition to fitting gamma distributions for all river speeds, data was filtered based
on average depth (assuming rectangular river cross section) ranging from zero meters in
depth to 2.0 min depth. This analysis provides insight into expected variability in
installation conditions both in terms of potential power available and expected,
approximate spatial restrictions. The code used to process the USGS data is included
within Appendix B.
River Results

Data analysis shows that the average flow velocity observed among the data
recorded by USGS was approximately 1.2 m/s. Results obtained from analyzing both the
1980-1983 data and the 2010-2013 data are included in Table 4. Table 4 includes the
empirical results of the shape parameter, o, and the rate parameter, 3, with each
corresponding value of the coefficient of variance, R?, at each depth cutoff imposed. If
the operable flow conditions turbine exist from 1.0 to 2.5 m/s, before any average depth
considerations are included, only 48.4% and 42.7% of total river sites are available for
1980-1983 and 2010-2013 data, respectively. As average depths are factored in to the
acceptable flow range, the corresponding percentages drop to values of 14.1% and 15.6%
at 2.0 m depth cutoff. Designs were optimized around the basis of provided the expected
power output while maintaining the expected flow operation range and limiting the
design spatially such that the design would fit within a river set to the average depth.

Figure 9 shows the generated gamma distributions that were obtained through
fitting histogram results of the measured flow data for flows ranging from 0 to 8 m/s.
Results and curve fitting for the data spanning from 2010 to 2013 are included in Figure

9a and results from data obtained between 1980 and 1983 are presented in Figure 9b. The
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low coefficient of variance values observed in Table 4 for the 2010-2013 data are due to
the poor fit between the distribution curves and the averaged data at flow ranges from 0
to approximately 1.2 mys. The data used from 1980 to 1983 has a near perfect fit with the
exception of a few minor discrepancies near flow speeds of 3 to 3.5 nvs. The curves
provided will provide suitable probability values of potential installation sites over the
primary working flow range of 1.0 to 2.5 m/s. The empirical curves can be used to alter
turbine design to meet any possible site percentage goals.

Table 4. River data analysis results
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Figure 9. Gamma distribution function and measured results as a function of river
velocity for data obtained from a) 2010 to 2013 and b) 1980 to 1983.
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Conclusions

Empirical relationships were determined between flow velocity in rivers obtained
from USGS and the number of installation sites at each individual velocity value. Gamma
distributions were used for two different three year spans, 1980-1983 and 2010-2013. In
addition to the two sets of data used, average depth filters were applied to the data to
account for potential depth restrictions limiting operable unit size.

Before any depth restrictions were considered, only a max of 48.4% of rivers
were capable of meeting flow conditions ranging from 1.0 to 2.5 m/s. As depth was
considered, substantial drops in potential installation sites were observed. At 1.0 m of
average depth cutoff, the maximum river percentage meeting this range was 31.7%. The
percentage dropped further to a value of 15.6% when a depth cutoff of 2.0 m was
considered. The results suggest that both depth and river velocity are the primary design
conditions that must be considered in the early stages of design and modeling. The depth
greatly restricts the spatial limitations of component design.

The curve fits of Gamma distributions to both 1980-983 data and 2010-2013 data
have acceptable coefficients of variance. The 1980-1983 data provides a more acceptable
fit, however both sets provide an acceptable level of accuracy over the primary operating
range of hydrokinetic turbine units. The plots and corresponding shape and rate
parameters may be used to design hydrokinetic units for river applications around a
specific operating range, ideally between 1.0 m/s and 2.5 mv/s, to predict the probability of

site implementation.
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Chapter 4: Diffuser Simulation and Optimization
Motivation

Due to the implication of results discussed in Chapter 3, river velocity and
average depth are the primary restrictions in design for hydrokinetic technologies
designed for portable use with varying locations and operating conditions. To meet power
requirements at locations where the potential is minimal, diffuser technologies are useful
in maximizing power output and improving the range of operable conditions. For diffuser
implementation, designs must be characterized and optimized to enhance effectiveness
while minimizing trade-offs, including additional downstream thrust generation.

Preliminary characterization of hydrokinetic turbines and diffuser-augmented
hydrokinetic turbines can provide baseline expectations for power production, thrust
generation of the unit, and flow field characteristics near the unit. Determining the
response surface through a central composite design of experiments generated from
simulation results may allow for global and local maxima to be determined within the
design space. This chapter focuses on preliminary optimization methodology within the
diffuser design process.

Predictions for an initial propeller turbine blade design were generated. A simple
diffuser design consisting of a annular flat surface, an axial length, and a flange were
implemented on the initial blade geometry. CFD simulations may be computationally
intensive. Through the use of medium-fidelity computational results, where accuracy was
sacrificed for the benefit of minimizing computational time, linear regression models
could be applied to generate approximations of key performance results throughout the

entire design space.
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Optimization Methodology

A simple flow chart of the optimization process is provided in Figure 10. The
process began with a preliminary design solution or, in the present case, a fully
characterized turbine blade geometry. Initial optimization goals are selected that are
targeted. Within the present study, the primary optimization goals were to produce a
diffuser design that would result in turbine power production, excluding losses, of 500
Watts while minimizing total thrust to a threshold of 125 Ibf. Optimization goals are
flexible and may be altered during each iteration. Influential design parameters that were
expected to influence the optimization goals the most were selected and limitations on

each parameter were applied to create a design space for optimized results.

Start from Preliminary
Design Solution

Define
~——> Optimization Solve DoE First Design Loop?
Goals
Determine Apply au,
Influential APP""E’E“[C
Parameters R};{Eﬁ;{ﬂl{;"
J, Results
Specify ,1,
Limits on | N |
the Design Updute 9
Space Design
‘L Variables
Create an
Appropriate
ek Check Structural
Results?
—
Declare Optimized
Design

Figure 10. Optimization flow chart [37,39]
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An appropriate design of experiment (DoE) was selected and implemented based
on factors such as the number of influential parameters and then implemented.
Preliminary DoE results were obtained and a linear regression model was applied to the
results to extrapolate performance results throughout the entire design space. Here, rapid
CFD allowed for low-to-medium fidelity computational results to be obtained,
maximizing accuracy and minimizing computational cost for the DoE. Once the
extrapolated results were obtained, local and global minima and maxima were located.
Due to the use of low-to-medium fidelity CFD results for the DoE solution, results near
global and local maxima required validation through either experimental comparison or
with refined CFD simulations ensuring that local maxima were appropriate. An additional
step was included where structural results along the optimized, hydrokinetic structure
were checked to ensure that the final design solution was capable of withstanding the
expected loading. If structural results yield stresses exceeding what was expected for
failure of prescribed design material, another iteration would be required.

The Central Composite Design used between two independent variables, x1 and
X2, is mapped in Figure 11. The design includes one central point and four star points
positioned at +dx; and +0x,. The central composite design observed in Figure 11 is
rotatable, meaning that the variance in x is dependent only upon the distance the design
variable is from the center point. Rotatablility of the Central Composite Design becomes
increasingly desirable in the DoE as the number of independent variables increase and

higher-order design models are used.
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Figure 11. Example of a Central Composite Design for Two Independent Design
Variables

Diffuser Characterization

The initial diffuser design selected for optimization was based on the design
incorporated by Matsushima et al. [40] for urban wind generation. The diffuser, included
in Figure 12 with design parameters for inlet diameter (D), length (L), diffuser angle (6),
and flange length (T), was selected due to the shapes relative simplicity and its
applicability to small-scale wind power generation. The independent parameters
optimized were the length, diffuser angle, and flange length. Inlet diameter was set to the

value of the tip diameter of the modeled turbine. The corresponding turbine design

44



variables and parameter values utilized with the initial diffuser design is included in

Table 5.

< >
' L.im)

Figure 12. Diffuser design implemented [40].

Table 5. Input and Output Parameter Values [39]

Input Design Variables

P 7225 [W] o 083 [-]
Cp 081 [-] Zyg 2 [-]
U 225 [ms?] t 0.0127 [m]
w 15708 [s?]
Output Design Variables
D, 04572 [m] Y 7066 [°]
D, 0.0889 [m] s 04981 [m]
D, 03171 [m] c 04134 [m]
& 11070 [-] A6 14097 [°]
B 4791 [°] Am 0.1369 [m]
B’ 7066 [°]

The second diffuser was designed such that the length of the diffuser (L), only

slightly exceeded the meridional blade length. The diffuser length was fixed ata value of

0.1524 m, nearly coinciding with the meridional length value The leading inlet annulus
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was aligned with the front of the hub. It was positioned tangent to the horizontal axis and
was parallel to the central axis of the diffuser. The ratio between the diffuser outlet area

and inlet area, known as the area ratio, is defined as:

AR = (227 (58)

Dy
where AR is the area ratio, D is the diffuser inlet diameter, and Do is the diffuser outlet
diameter. In the current study, two area ratios, 1.36 and 2.01, were characterized for the
bell-shaped diffuser selected. For the limited length, the bell-shaped diffuser provides
sufficient pressure drop at the blade outlet while it causes more gradual changes near the
inlet. All input and output design parameters for the propeller turbine used in the study
were previously included in Table 2.

The computational domain used for preliminary diffuser augmented hydrokinetic
turbine (DAHKT) characterization and optimization is included in Figure 13 along with a
coordinate system and the origin of the fluid domain. The left side of the domain
consisted of a singular inlet with an outlet to the right of the channel. A plane of
symmetry was used along the top of the channel to imitate the free surface of the river.
No slip walls were used on the cylindrical bottom. The domain cross section was 10 m
wide, providing a blockage ratio less than 0.015 for the largest diffuser design. The unit is

positioned such that it is a minimum of 10 D; from both the inlet and the outlet.
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Figure 13. Computational domain used for DAHKT and individual hydrokinetic turbine
modeling and optimization with flow moving from left to right.

Diffuser Optimization

A 2" factorial Central Composite Design experiment was used to map the
response surface of three diffuser parameters. The total number of simulations required
for the experiment following the design implemented in Figure 11 follows the following
equation:

N=2F4+2k+1 (59)
where N is the total number of experiments or simulations required for analysis and k is
the number of independent variables being analyzed. The three parameters that were
varied were the length of the diffuser, the angle of the diffuser, and the length of the

flange at the exit of the diffuser, corresponding to 15 total simulations required for the
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DoE according to equation (59). Length was varied over arange of 0.5 and 2 Dx. The
diffuser angle was varied between values of 0° and 12°. Finally, the flange length ranged
between 0.1 D and 0.3 Dt. Preliminary performance characteristics of a base diffuser
geometry consisting of a 2 D diffuser length, a 4° diffuser angle, and a flange length of
0.1 Dx for the blade design parameters from in Table 5. The area ratio resulting from the
selected base diffuser design is 1.54. Optimized results can be compared to the baseline
design to determine if an optimize diffuser has been determined or if future iterations are
necessary.

A hybrid mesh was implemented to efficiently discretize the computational
domain for the preliminary performance characterization. Hexahedral cells were used in
the river domain while the turbine-diffuser domain used tetrahedral cells. Three separate
meshes were used to validate the spatial convergence. Coarse, medium, and fine meshes
consisted of 1.5, 5.6, and 8.0 million cells, respectively. Figure 14 shows the cross
section of the turbine-diffuser region of the 5.6 million cell mesh. Sewveral fine inflation
layers were applied near the turbine and diffuser walls to capture flow separation and the

boundary layer.

Figure 14. Tetrahedral mesh near turbine and diffuser walls
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Simulations for the DoE were conducted using a coarse, unstructured grid
consisting of approximately two to three million cells. Using a coarse mesh allowed for
simulations to be conducted quickly, reducing computational time and resources required.
The results of the regression models that implement the simulation results required a
simulation at a significantly more refined mesh to check validity. The optimization
process is crude and serves as a method of determining key optimization parameters and
eliminating nonessential variables. Optimization based diffuser simulations were
completed using a freestream velocity of 2.0 m/s and a tip speed ratio of 2.5. The ultimate
goal of the optimization process was to locate any local maxima and observe any

deviation from the preliminary design tested.
Results

Optimization Results

Figure 15 shows the power coefficient the propeller turbine characterized in Table
5. The diffuser results of the DAHKT with area ratio of 1.54, are also included. The base
turbine design produced peak power coefficient of 0.33 at the tip speed ratio, 1.6,
generated from design conditions. With the addition of the preliminary diffuser design a
48% improvement in power production was achieved. Thrust coefficients generated by
the unit in Figure 16 indicate that with the augmentation of the diffuser, that the value of
thrust coefficient is increased by approximately 25% at low values of tip speed ratio. As
the tip speed ratio increases, the coefficient of thrust increases by a factor of
approximately five. This is due to the turbine resisting stall until larger tip speed ratios
are achieved compared to the bare turbine. At 2.0 m/s flow, the preliminary turbine-

diffuser design could produce 321 Watts of mechanical power while generating

49



approximately 620 N of downstream thrust. Minimizing the thrust was desirable to avoid

failure and increase operational reliability.
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Figure 15. Coefficient of performance as a function of tip speed ratio.
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Figure 16. Thrust coefficient as a function of tip speed ratio.
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Simulations conducted over the design space, fitted with linear regression models
formed the response surface in Figure 17. The predicted power output was plotted as a
function of diffuser angle and total axial thrust. Diffuser angle, along with diffuser length,
are the primary factors in determining the diffuser outlet diameter, and thus, the area
ratio. Therefore, as the diffuser angle approaches upper bound of 12°, AR>>1. From
Figure 17 two local maxima located where approximately 420 Watts of power are
generated at the cost of 1100 Newtons of axial thrust and 425 Watts of power are
generated at 1600 Newtons of axial thrust. Each point located along the surface has
corresponding values of design parameters (diffuser length, diffuser angle, and flange
length, in this case) as well as key output parameters of power output, axial thrust
produced by the turbine, and axial thrust produced by the diffuser. Near localized
maxima and minima, the sensitivies of the aforementioned design parameters were
observed to determine which parameters had a greater impact on power and axial thrust
production. Figure 18 highlights the sensitivities of each design variable near the local
maxima producing 420 Watts and 1100 Newtons of thrust. Along the y-axis, sensitivities
lie in the range of {0, 1} for positive response and {-1, 0} for negative response. From
Figure 18, atthe local maxima, diffuser angle and diffuser length result in positive
responses to the power production and the diffuser thrust component to overall axial
thrust. This result follows the intuitive expectation that a larger diffuser outlet diameter,
resulting in a larger area ratio, plays a crucial role in enhanced power production and
thrust generation. The graph suggests that the flange length plays a minimal role in power
production but does result in unnecessary production of axial thrust for the current,
hydrokinetic application. Figure 18 suggests that removal of the flange length and
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designating a new design variable would be advantageous in future iterations within the

optimization process.
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Figure 17. Performance response for diffuser optimization.
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From the response surface displayed in Figure 17, the three points generating the
maximum possible power were selected and included in Table 6. Each three points
include values for the three design variables and the corresponding regression outputs.
The data point existing at 0.0247 m flange length, 9.6° diffuser angle, and 0.771 m
diffuser length was selected for validation. The data point was selected due to the
minimal value of flange length, minimal overall diffuser size, and because the power
production was comparable to the other two points without the cost of additional axial
thrust. A simulation of the same diffuser design was conducted with a refined 8.0 million
cell mesh.

In Table 7, the power coefficient, diffuser thrust coefficient, and turbine thrust
coefficient are compared from the regression data point selected from Table 6 and
compared to the refined CFD simulation. The regression model provided less than 8%
error for both power coefficient and turbine thrust coefficient. The regression models
implemented greatly over predicted the axial thrust produced by the diffuser. Despite the
over prediction of axial diffuser thrust, the coarse mesh used for the optimization method
provided reasonable approximations for the overall achievable power of the system
within the allotted design space.

Table 6. Optimization Output Yielding Maximum Power

Parameters Maximum Power

T (m) 0.0789 0.0846 0.0247
0 (°) 10.4 10.8 9.6
L (m) 0.912 0.839 0.771
Power (W) 425.0 422.9 418.4
Thrust Diffuser (N) 1221.0 1281.6 590.8
Thrust Turbine (N) 344.2 341.6 334.5

53



Table 7. CFD Validation Results

Result Type Cp Cr Diffuser Cy Turbine
Regression 0.64 1.80 1.02
CFD 0.59 1.46 1.04

The power production resulting from the response surface was conducted at a
flow rate near the upper range of river velocities expected in rivers and did not meet the
desired 500 Watt goal. Therefore it was necessary to increase the size of the overall
turbine unit to meet the desired goal. The turbine design highlighted in Table 2 was
investigated, most notably at a greater tip diameter, than the previous blade geometry
incorporated in the optimization process.

Turbine and Diffuser Spatial Convergence

With the new turbine design and incorporating a larger diffuser design to meet
power production goals, it was necessary to perform multiple mesh independence studies
to ensure results were accurate, spatially. Mesh independence was verified for the
computational domain consisting of turbine-only and turbine-diffuser arrangement
through the use of the Richardson extrapolation based Grid Convergence Index (GCI)
method outlined by Roache [41,42,43] and Celik et al. [44]. The method conservatively
estimates discretization error on user-specified, monitored quantities. The study was
conducted using the AR =2.01 diffuser for the turbine-diffuser arrangement. Reasonable
discretization error shown for the larger area ratio design guarantees the simulation
robustness on the alternate design.

Three separate meshes were used for each arrangement. GCI analysis for the

turbine-only arrangement incorporating the blade design characterized by parameter
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values in Table 2 was conducted using mesh sizes consisting of N1=11,885,42 cells,
N2=5,929,864 cells, and N3=14,607,868 cells. The turbine-diffuser arrangement analyses
were conducted using meshes containing Ni= 6,405,562 cells, N2=8,423,969 cells, and
N3 =21,523,470 cells. Due to different peak operating points existing for turbine and
turbine-diffuser arrangements, two separate operating conditions were designated for
each convergence study. Operating conditions of 2.25 m s for the freestream velocity
and 15.708 rad s* for the rotation rate, yielding a tip speed ratio of 1.86 from equation
(16), was applied for the turbine-only case. With the addition of the diffuser, operating
conditions were set to 2.5 m s1 for the freestream velocity and 27.78 rad s for the
rotation rate were used for each respective turbine-diffuser mesh. Solution quantities
selected for monitoring were mechanical torque produced by the blade and generated
thrust, either from the turbine or from the augmented diffuser.

The discretization error for the turbine-only analysis is listed in Table 8. The
solution quantities for torque and thrust are represented by ¢,, ¢,, and ¢, for each
respective mesh. The refinement ratio between meshes are defined by ri2 and rzs. The
parameter p is the observed rate of convergence between the studied meshes, formulated
for each unique solution quantity. The N, mesh was selected for characterize
arrangements where no diffuser was present through results obtained by varying the mesh
size and weighing computation costs associated with obtaining converged solutions.
Once the rate of convergence was determined, the extrapolated value for the solution

quantities (g2, ), the relative error (e2'), the extrapolated relative error (eZ2l,), and the

ext

Grid Convergence Index for the N, mesh (GCI2},,) were calculated. From the

fine

calculations, there error band associated with torque production generated at the N, mesh
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size was 3.1%. Thrust production at the same mesh size yielded error band
approximations corresponding to 2.0%.

Table 8. Discretization error for turbine-only arrangement [9]

¢ = Torque [Nm] ¢ = Thrust [N]
N;,N,, N, 1188542,5929864, 14607868 1188542, 5929864, 14607868

7y 1.709 1.709
13, 1.351 1.351

o, 34.5242 644.4971

o, 35.3426 636.9606

0N 35.2616 636.3088
p 1.25 1.02

21 33.6621 654.8748
e2? 2.4% 1.2%
ezl 2.6% 1.6%
GCIA 3.1% 2.0%

ine

Values determined through the GCI method used in the turbine-diffuser
arrangement are provided in Table 9. Similar to the procedure used generating results
from Table 8, solution quantities for torque and diffuser thrust are represented by ¢, 4,,
and ¢, for each respective mesh. The extrapolated value for the solution quantities, the
relative error, the extrapolated relative error, and the Grid Convergence Index were then
calculated. The GCI determined for the mesh N, was 23.7% for torque and 7.5% for
diffuser thrust. When the mesh size was increased to a value of 21,523,470, the resulting
GCl is less than 1% for torque. Relative error between the mesh used for characterization

and the fine mesh was less than 0.5% for both performance quantities. Reducing the

value of N, was impractical to meet the refinement needs of the grid convergence index
study. The minimum acceptable grid refinement factor value is 1.30. The limitations of

reducing Nz resulted in the grid refinement factor not meeting the minima and the large
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GCl-error. Despite the large GCI error, the 8.4 million cell mesh produced accurate and
acceptable results.

Table 9. Discretization error for turbine-diffuser arrangement

¢ = Torque [Nm] ¢ =Diffuser Thrust [N]
N,,N,, N, 6405562, 8423969, 21523470 6405562, 8423969, 21523470

Ty 1.096 1.096
Ty 1.367 1.367
b, 43.475 1323
b, 45.818 1327
¢ 45.648 1318
p 2.74 0.67
21 35.241 503.0
el 5.4% 0.4%

et 23.4% 163.0%
GCIfﬁw 23.7% 7.5%
32 45.944 1365.7
e 0.4% 0.7%
e32, 0.3% 2.8%
GCI2, 0.3% 3.6%

Turbine-Diffuser Performance

The performance of the turbine-diffuser unit was characterized using the non-
dimensional parameters of power coefficient (Cp), thrust coefficient (Ct), and tip speed
ratio (A) defined previously in equations (12), (13), and (16). In the present case, tip
speed ratio is defined according to the turbine tip diameter and the freestream velocity
(U,). The predicted performance characteristics are presented in Figure 19 for a
freestream velocity range of 0.5 m s to 2.25 m s! for the arrangement involving an area
ratio of 1.31 and a velocity range of 0.5 m s1to 2.50 m s-1 for the arrangement with an
area ratio of 2.01. The diffuser-augmented turbine was mapped over a tip speed ratio

range of 0.51t0 4.0. Figure 19a shows the power coefficient as a function of tip speed
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ratio, area ratio, and freestream velocity in comparison to power production generated by
the turbine rotor without diffuser implementation, highlighted by Schleicher et al. [9].
The thrust coefficient predictions for the turbine-diffuser arrangement modeled are
presented in Figure 19b. At the peak operating conditions for area ratios of 1.36 and 2.01,
the maximum power coefficient values determined were 0.54 and 0.68, respectively. The
peak performance values correspond to increases of 39.5% and 55.8% for each diffuser
design with reference to the original peak power production prediction. In Figure 19b, for
the diffuser with an area ratio of 1.36, the total thrust coefficient generated by the diffuser
augmented turbine increases by an average of 0.59 with respect to the turbine without
diffuser augmentation. When the area ratio increased to 2.01, the average change in total
thrust coefficient increased to approximately 2.0. Therefore, as area ratio greatly
exceeded 1.3, a substantial increase in total axial thrust was observed.

As the velocity increases, the power coefficient improves while the tip speed
ratios at the locations of peak performance remain relatively unchanged. For turbine
operation without diffuser augmentation, the performance curve stretches over a greater
range of tip speed ratios. As the diffuser is implemented and the area ratio is increased,
the performance curve sharpens and the acceptable tip speed ratio operating condition
range declines. The large reduction in required freestream velocity associated with
diffuser implementation greatly enhances the number of potential installation sites. The
negative effect of augmenting the turbine with a diffuser is that the thrust produced by the
overall unit increases greatly and the range at which operation is feasible diminishes.

Despite the higher power increase generated by diffuser with the large area ratio, due to
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the high thrust that is generated it is significantly less practical than the smaller area ratio

diffuser design.

0.7

— = AR=2.01 Total o 7 =25my’ AR=2.01
— & — AR = 2,01 Turbine oy A =
WAl =) T v U_=05ms" AR=20]
—e— AR = 1.36 Total o U =225ms . AR=136
— & — AR =136 Turhine b=l 3 ym
—-g-— AR— 1% Diffuser x U _=05ms", AR= 136

Schleicher ef al, [10]

—#— Schleicher e al. [10]

Figure 19. Predictions of (a) power coefficient and (b) thrust coefficient for turbine-

diffuser systems at area ratios of 1.31 and 2.01 for several freestream flows [45].
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Figure 20 and Figure 21 depict the flow field in stand-alone turbine operation and
diffuser-augmented turbine (AR=1.36) operation for a free-stream velocity of 2.25 m st
at their corresponding peak operating points (tip speed ratios of 1.86 and 2.75,
respectively). The results presented in Figure 20 and Figure 21 have been normalized
using the equations displayed below:

_ Uyl
U:_

60
0 (60
~ p_pmin
D Poin o
2 (62)
J
w

where normalized velocity magnitude (0U) is depicted in Figure 20 a and Figure 21a. The
normalized static pressure (p) is depicted in Figure 20 b and Figure 21b and the
normalized vorticity (@) is depicted in Figure 20 c and Figure 21c. Here pmin and pmax are
the minimum and maximum pressure in the flow domain. Comparisons of the velocity,
the pressure and the vorticity field show a breakdown of tip vortices generated by the
rotating blade as observed by the turbine within an infinite medium. Flow is accelerated
axially near the blade tip. The larger velocity at the blade tip results in a greater region of
velocity deficit that exists compared to Figure 20a. The pressure drop experienced during
diffuser augmentation results in vortices driven away from the center of the wake and the
distortion of the tip vortices, as shown in Figure 20e. The reduction in steady state wake
pressure observed in Figure 21b reinforces the power production improvements observed

in Figure 19. All results obtained yielded average y* values of approximately 30.0.
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Figure 20. Steady-state turbine analysis with normalized (a) velocity, (b) pressure, and (c)

vorticity.
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Figure 21. Steady-state turbine-diffuser analysis with normalized (a) velocity, (b)

pressure, and (c) vorticity for AR=1.36.
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Conclusions

A hydrokinetic turbine was augmented with a diffuser, negating the Betz
efficiency limit. The diffuser length was minimized such that the unit would maintain
portability. Based on a preliminary design utilizing a DAHKT with a diffuser length of
0.4572 m, a diffuser angle of 4°, and a flange length of 0.0457 m, a 48% increase in
power was generated compared to that of a singular unit. A central composite design was
then implemented to generate 4,000 points based on 15 rapidly produced CFD results
based on varied diffuser length, diffuser angle, and flange length. Optimized results
obtained from the regression curves were validated through the use of refined CFD
processes. A relative error of approximately 8% exists between the CFD results and the
optimization results. Taking into account the relative error, a power increase of between
75 W and 100 W was proved to be attainable; however, to reach the desired power output
a larger turbine design was required.

Two separate diffuser designs, consisting of area ratios equating to 1.36 and 2.01,
were simulated with the new turbine design. Both designs were structured such that
operation within a river would be practical according to provided river data generated
from 2010 to 2013. When the diffuser was added to the turbine, the normalized flow field
velocity completely changed such that the wake experienced a large stagnant velocity
region located directly downstream of the turbine. Additionally, the diffuser, instead of
the blades, dominates the velocity existing in the wake. The diffuser augmented turbine

produces up to 55% more power compared to that of the stand-alone turbine.
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The tradeoff of implementing a large area ratio diffuser is a sizeable increase in
total thrust and a decrease in the range of tip speed ratios acceptable for implementation.
The performance curve peak became increasingly abrupt as the area ratio increased which
would correspond to a much more narrow window of freestream velocities, reducing the
probability that river conditions would be acceptable for operation. The change in total
thrust coefficient observed increased by a factor of four between the bell-shaped diffuser
with an area ratio of 1.36 and that of 2.01. Therefore, the diffuser should be optimized
near an area ratio of 1.36 to maximize the power coefficient while maintaining thrust

below an acceptable design threshold.
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Chapter 5: Free Surface Dynamics

Motivation

Results from the river data collected in Chapter 3, one of the two primary
variables restricting portability in hydrokinetic turbine operation is averaged depth. As
turbine design increases in size, or tip diameter, the possibility of interaction between the
river free surface and the turbine blades and/or system becomes increasingly probable. In
order to help design a more desirable, flexible system in terms of portability,
characterizing performance for the propeller-blade design near the free surface is crucial.

Free surface interaction in flow over simple objects such as cylinders, blocks, and
other objects has generated significant changes in measured flow field properties,
including pressure distribution and wake formation. Similar observations have been made
with traditional hydrokinetic turbine design where slight reduction in power was
observed as the turbine was positioned in close proximity to the free surface [18,19] as
well as wake effects present [46].

Characterizing the power and thrust as a function of the depth allows for more
efficient design practices pertaining to expected flow and river depth conditions as a
whole throughout the United States. Such predictions would prevent the design of a
system that becomes too large to install in a majority of rivers or impractical after
installation due to poor performance within the flow conditions present at the site. Size
becomes a persistent problem in design due to potential power being proportional to the
square of the dip diameter along with the expected addition of a diffuser, outlined in

Chapter 4.
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Designand Characterization

The turbine design tested in close proximity to the free surface in the present
analysis was the two-blade design specified in Table 2 and Figure 4. The same two-blade
design was thoroughly investigated in both freestream conditions and with diffuser
applications included previously in Chapter 4: Diffuser Simulation and Optimization. The
river domain design that was implemented is shown in Figure 22. Turbine and free
surface level is depicted in Figure 22a such that the free surface is set to a distance of
6.86D: from the channel bottom for each design. The turbine depth (d) is the distance
between the blade tip and the initial, unperturbed free surface level. Within the channel,
for each depth used the turbine position was always a minimum of 4D away from any
walls ensuring that the boundary layer effect was negligible. The domain design was
predicated on producing accurate turbine performance predictions and accurate time
averaged free surface levels near the turbine domain. The side view, in Figure 22b, shows
the flow direction as left to right. The outlet of the domain was positioned exactly 16Dt
downstream of the leading edges of the runner blades, minimizing its effect on the
computed flow field, resulting free surface level, and overall turbine performance.

The flow field near the turbine within the river can be characterized using non-

dimensional Reynolds number and Froude number, described in equations (63) and (64).

U,D
Re = % (63)
P (64)

Jgd
Here Re is the Reynolds number, Fr is the Froude number, dis the depth, and g is

gravitational acceleration. Each transient free surface simulation was conducted at
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Reynolds number of approximately 1.19 million. Free surface effects will vary depending
on the turbulence experienced within the river, both turbulence generated during channel
flow as well as turbulence produced by the turbine itself. Froude number will also play a
critical role in the development of the transient free surface level. The present free

surface analysis focuses only on a single Reynolds number.

(2) (b)
——— Free Surface Level
. Mass Flow Pressure
® Turhine Inlet Outlet
11.43D, fl
d &
6.86D,
|
«~— 6D, — 16D,
«— 12D, ——| 20D, —— 2

Figure 22. (a) Front view and (b) side view of the river domain with dimensions based on

turbine diameter (Dx).

The entire computational domain, containing turbine and river subdomains, was
discretized with structured, hexahedral cells. Key locations within the computational
domain used are shown in Figure 23. The cross sectional volume discretization of the
central, refined portion of the domain is shown in Figure 23a. The grid structure formed

along the turbine blade, Figure 23b, is positioned such that the cells have an aspect ratio
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value close to one. The VOF multiphase model and the interface tracking method are
susceptible to numerical instabilities, particularly when non-orthogonal and/or high
aspect ratio cells are incorporated in highly transient regions of the discretized volume.
The cells located at the top of Figure 23b had an aspect ratio of 1.0£0.5 directly above the
turbine where the free surface was located.

Three separate domains were used, each consisting of the same dimensions of
11.43D, in height, 12D, in width, and 22D, in length with 16D, from the leading edge of
the turbine blades to the outlet. Additionally, each domain mesh consisted of the same
number of cells, which was approximately 11.6 million. From the spatial convergence
analysis conduced on the present, two-blade design from the Richardson extrapolation
[43] and the error of 3.1% determined by Schleicher et al. [9], included in Table 8, the
current mesh was acceptable for determining the performance characteristics of the
hydrokinetic turbine. The grid in the present design was refined further beyond that
which was used in the previous studies to accurately capture the free surface as well as
turbine performance. Domains differed in that the turbine region was oriented differently
based upon depth. Depths of 0.3048 m, 0.4572 m, 0.6096 m, and 1.2192 m were used
corresponding to the Froude number of 1.31, 1.04, 0.92, and 0.71, respectively. The
present mesh structure employed wall functions to determine flow separation and

provided average y* values of approximately 30.0.
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Figure 23. (a) Center of the computational domain for Fr = 0.70 and (b) grid along a

singular turbine blade.
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Validation

In order to verify the accuracy of the multiphase simulation, a validation test was
conducted comparing numerical predictions using the present multiphase model to
experimental results. Experimental data provided by Malavasi and Guadagnini [47] on
interaction between a rectangular cylinder and the free surface was used. A three
dimensional simulation was conducted to specifically focus on a single presented case.
The geometry of the simulation setup was shown in Figure 24. The channel considered
was 5 m long with a cross-sectional width, B, of 0.5m. The rectangular cylinder was fully
submerged in water and the depth was represented as d=h-hg. Descriptions and the
variable values used in the simulation were listed in Table 10. The simulations conducted

had a Reynolds number of 2.02x10%, h*=(h- hy)/s=4, and an elevation to cylindrical cross

sectional width ratio of hp/s =2.33.

(a) (b)
free surface - v
F 3 4 = 3
h - hb
U s | h
-
<t > &— *
I B
he
channel floor

longitudinal view transverse view
Figure 24. Channel orientation in both (a) the longitudinal view and (b) the transverse

view [48].
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Table 10. Parameter values used for the validation
Parameter Values

I cylinder cross-section length 0.18 [m]
s cylinder cross-section width 0.06 [m]
h  water depth 0.3798 [m]
ho  cylinder elevation above channel floor 0.1398 [m]
h*  (h- hp)/ s, non-dimensional depth 4 [-]
B channel width 0.5 [m]
U upstream velocity 0334 [ms?]

Three terms were used in the quantitative validation of the VOF model
implemented. The primary variables were drag and it coefficient, as defined previously
in equations (14) and (15). In addition to drag and lift coefficient, the Strouhal number
was used to validate the rate at which shedding occurs from the rectangular cylinder.
Strouhal number is defined in equation below:

St=fs/U, (65)

where St represents Strouhal number and fis the shedding frequency determined through
transient analysis. Figure 25 shows the drag and lift coefficients as a function of time at
near quasi-steady state. The averaged drag and lift coefficients over this period were
directly compared to experimentally determined drag and lift values. The mean drag
coefficient, mean lift coefficient, and Strouhal number observed in the validation
simulation were 1.69, -0.67, and 0.17, respectively. The values determined all had
relative errors of 6.1% or less when compared to results obtained by Malavasi and
Guadagnini [47] with similar Strouhal numbers for both experimental and numerical
results. The minimal relative errors of Strouhal number observed indicate that the

simulation results match well with the experimental result and provide confidence in the
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modeling and methods implemented to predict the turbine performance and free surface

dynamics in unsteady flow.
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Figure 25. Values of coefficient of (a) drag and (b) lift with respect to flow time.
Results
Performance Characteristics

Figure 26 and Figure 27 show the power coefficient and the thrust coefficient as a

function of the Froude number compared to turbine operation in a single phase, infinite
medium. Figure 26 and Figure 27 also show the best efficiency point (BEP) of the
traditional hydrokinetic turbine rotor characterized numerically and experimentally by
Bahaj et al. [12] and corresponding results of the multiphase simulations conducted by
Bai et al. [18]. The work conducted by Bai et al. [18] yields an approximate 4% drop in
power at Fr = 0.82. Based on the definition of the Froude number, as the depth of the
turbine approaches infinity, the performance of the unit should approach an asymptotic

value corresponding to that in an infinite medium. The multiphase simulation results
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presented in Figure 26 indicates that power produced at subcritical Froude numbers of
0.92 and 0.71 has less than 5% deviation when compared against the single phase results
produced by Schleicher et al. [9]. The plot of the power coefficient suggests that near the
critical Froude number (Fr=1.0), a substantial drop in power is experienced. Between
Froude numbers of 0.92 and 1.04, the power coefficient drops from a value of
approximately 0.45 to 0.30, representing a 33% reduction in power under the same
freestream flow conditions. As indicated by Figure 27, the thrust coefficient experiences
a similar reduction; however the drop experienced by the turbine thrust is significantly
more gradual with the data suggesting a bulk of the diminished thrust observed occurs
near the critical Froude number. The performance results obtained suggest that the
turbine must be submerged to a depth that provides a subcritical Froude number in

relation to the freestream velocity of turbine operation.
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Figure 26. Power coefficient as a function of Fr [49].
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Figure 27. Thrust coefficient as a function of Fr [49].

A comparison of the power coefficient as a function of tip speed ratio between
both propeller-based and traditional, hydrofoil blade design is displayed in Figure 28. The
BEM results produced for the traditional rotor design did not capture flow separation, and
therefore the pressure distribution, to the same accuracy as the numerical and
experimental studies did. This lack in accuracy is what yields the difference between the
two plotted curves for the design and the slight shift in BEP to a tip speed ratio of 6.25
for the BEM data.

Both designs produce curves that peak around a power coefficient of
approximately 0.44 to 0.45. The primary disparity between the curves generated by
numerical results from Shleicher et al. [9] and experimental results from Bahaj et al [12]
is that the tip speed ratio existing for the propeller-based turbine design has a much

smaller range, occurring at lower values, than the operating conditions of the traditional
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rotor design. The point at which peak performance occurs for the propeller-based design
is approximately a third of the traditional design. Multiphase results, shown in red below,
indicate a sufficient drop in peak power production, ata Froude number of one. The

numerical results presented by Bai et al. [18] show only a small decrease in performance

at the peak operating conditions prior to reaching a critical Froude number.
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Figure 28. Power coefficient as a function of tip speed ratio for the traditional and

propeller-based hydrokinetic turbine designs studied [9,12,18].
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Flow-field Characteristics

The flow-field results for single and multiphase simulations along the vertical
plane, located in the center of each respective computational domains, for a free-stream
velocity of 2.25 nvs and tip speed ratio of 1.86 are included in Figure 29 through Figure
31. Trailing tip vortices can be observed based on the normalized velocity gradients
within Figure 29a and the regions of intense normalized vorticity (values exceeding one)
in Figure 29b. Figure 29 represents a base, single phase analysis of the propeller-based
turbine operating in what may be considered an infinite medium, with no effects from
boundary layers, and in which the flow is subcritical.

Multiphase results representing operation at a Froude number of 0.92 are
displayed in Figure 30. The velocity field in Figure 30a shows little interaction to no
interaction with the free surface. The velocity and vorticity fields observed in Figure 30
very much mimic the corresponding flow-field from single phase results in Figure 29.
Any differences between the two flow-fields observed resulted primarily from minor grid
interpolation errors existing at domain interfaces; specifically, the downstream, circular
grid-to-grid interface of the cylindrical turbine domain experiences the greatest error.
Figure 31 shows the flow-field under more extreme conditions where the resulting
Froude number is 1.31. The velocity field in Figure 31aand the vorticity field in Figure
31b both indicate significant interaction between the wake of the unit and the free
surface. The far wake becomes elevated relative to the turbine location, deviating greatly
from the predicted far-field operation produced in Figure 29. The interaction between the
turbine wake occurring downstream of the tested rotor and the free surface is the primary
dynamic resulting in the reduction in power observed in Figure 26.
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Figure 29. Normalized (a) velocity and (b) vorticity contours along the vertical
meridional for single phase turbine operation in an infinite medium at a tip speed ratio of
1.86.

Transition from supercritical flow to subcritical flow occurs at flow conditions
between those of Figure 30 and Figure 31. In super critical flow observed in Figure 31,
the normalized velocity and normalized vorticity at the exit of the turbine in the
downstream direction indicate that a sufficient amount of interaction between the wake

and the free surface is occurring. The dissipation of energy that is occurring is affecting

77



the pressure distribution about the turbine blades and, thus, decreasing the torque being
applied on the turbine blades. As the wake region interacts with the free surface, it shifted
in an vertically upward fashion and deviating from the typically axisymmetric structure

generally produced in the downstream region.
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Figure 30. Normalized (a) velocity and (b) vorticity contours along the vertical

meridional at a Froude number of 0.92 and a tip speed ratio of 1.86.
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Figure 31. Normalized (a) velocity and (b) vorticity contours along the vertical

meridional at a Froude number of 1.31 and a tip speed ratio of 1.86.
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Free Surface Dynamics

In Figure 32 through Figure 34 the isosurfaces of the free surface with the
corresponding contours of deviation from initial free surface level shown for decending
values Froude numbers of 1.31, 1.04, and 0.92, from supercritical to subcritical.
Comparing Figure 34 to Figure 32, less interaction between the free surface and the
turbine is observed at lower values of Froude number. For each isosurface, similar
profiles near the turbine locations exist: primarily a rise in free surface elevation above
the turbine operating position, a relative drop in free surface level immediately following
the turbine, and diagonally oriented free surface levels downstream from the turbine. The
diagonal free surface elevations observed in Figure 32 through Figure 34 were also
observed in the results obtained by Kolekar et al. [19]. The ripples observed in the
downstream directions are a numerical artifact, resulting from an increase in cell aspect
ratio. A significantly larger mesh would be needed to minimize the artificial ripples;
however, such a mesh would not be economical given the primary outcome of the present

simulation is the turbine performance coefficients.

80



0.13

0.09

Turbine Location

Figure 32. Isosurface of the free surface for cases of Fr=1.31.
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Figure 33. Isosurface of the free surface for cases of Fr=1.04.
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Figure 34. Isosurface of the free surface for cases of Fr=0.92.

Wake Characteristics
The linear lines positioned in the fluid geometry within Figure 35 are used to

analyze wake data for each individual Froude number investigated as well as the single
83



phase simulation results. The profiles of streamwise component of the velocity in the
three wake positions downstream from the turbine are depicted in Figure 36, Figure 37,
and Figure 38. Wake profiles are plotted at downstream locations of 1Dy, 3D, and 5Dy, as
illustrated in Figure 35. In each case, the turbine was positioned at the origin and the
spanwise direction is normalized based on the turbine diameter. In Figure 36, the
transition from super critical flow conditions to subcritical flow conditions may be
observed based on the averaged velocity magnitude profiles downstream of the turbine.
The flow transition occurs from Figure 36b where the Froude number is 1.04 to Figure
36¢ when the Froude number drops to a value of 0.92. Despite only a small change in the
Froude number, wake profiles observed between both cases exhibit vastly different
characteristics. This proves that flow transition occurs for a value of Fr 0.92 < Fr < 1.04.
At approximately +0.5 Y/Dx, where tip vortices exist, the normalized velocity exhibits a
local minimum at one diameter downstream. At this local minimum the value of the
normalized velocity is approximately 0.55 for a Froude number of 0.92 and a value of
approximately 0.40 at a Froude number of 1.04.

Figure 37 compares the single phase wake profiles to the multiphase wake
profiles at a Froude number of 0.71. Between Figure 37a and Figure 37b, only marginal
changes within the wake at each downstream distance are experienced. Therefore, as
Froude number approaches zero, the wake profile slowly trends toward the profile
observed during turbine operation in a single phase, infinite domain. In Figure 38, the
normalized stream-wise component of the velocity is displayed as a function the flow

direction along the centreline. The axial coordinate was normalized in the same manner

84



as vertical coordinates from Figure 36and Figure 37. Positive values of Z/D: denote the

upstream of the turbine while the negative values denote the downstream of the turbine.

Center Line
(X=0, ¥=0)

A

Figure 35. Linear geometric positioning for wake data acquisition and analysis.
Each wake modeled had a normalized velocity of one at the domain inlet and

recovered, at a minimum, 80% of that value at the exit. Each profile yields a sudden drop
in velocity at the upstream side of the turbine, located at a normalized distance of zero.
The single phase wake serves as the base case. As Froude number exceeded 1.0, an
increase in normalized velocity magnitude from a minima of 0 to 0.25 along the central
wake was experienced within 4Dt downstream of the turbine. The surge in the velocity
minima resulted from free surface interaction with the turbine wake as the Froude

number increased in value. The slow transition of this amplified velocity can be observed
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from the peak values at corresponding Froude numbers of 0.92, 1.04, and 1.31. At a
Froude number of 0.92, a local normalized velocity maxima of 0.28 occurs three
diameters downstream. When the Froude number was increased to a value of 1.31, the
local normalized velocity maxima increased to a value of 0.75 located approximately 3.5

diameters downstream.
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Figure 36. The profiles of the normalized streamwise component of the velocity for Fr of

(@) 1.31, (b) 1.04, (c) 0.92, and (d) 0.71 at various locations downstream of the turbine.
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Figure 38. Profiles of the normalized streamwise component of the velocity along the

flow direction for multiphase simulations at various values of Fr
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Conclusions

The VOF multiphase model was used to capture transient effects resulting from
hydrokinetic turbine operation at various distances away from the free surface. Source
dampening was applied at the inlet of the domain to provide additional numerical
stability. The method applied was validated by simulating flow over a rectangular
cylinder positioned near the free surface and compared to corresponding results provided
by Malavasi and Guadagnini [47]. Based on the coefficient of drag, coefficient of lift, and
Strouhal number, the maximum error between numerical and experimental results was
approximately 6.1%. The agreement between numerical predictions of the flow
characteristics to the experimental results ensures that the present model is acceptable for
free surface modeling and adequately capturing pressure distribution about the turbine
blades.

Performance characteristics of the turbine were mapped as a function of both the
Froude number and the tip speed ratio. Single phase results of the propeller-based turbine
resulted in power coefficient and thrust coefficient values of approximately 0.44 and
1.20, respectively [9]. Predicted power coefficient and thrust coefficient values
determined from multiphase simulations were within 5% of those predicted by the single
phase simulations. Results obtained by Bai et al. [18] show similar trends in performance
at subcritical flow conditions. Multiphase results show that when the flow becomes
critical, meaning Froude number is equal to or greater than a value of 1.0, a sharp
decrease in mechanical power is experienced by the unit. The rotor modeled at Froude
numbers of 1.04 and 1.31 experienced an average 32.2% drop in power compared to
results obtained in subcritical conditions.
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Wake profiles of the normalized streamwise component of the velocity manifest
the presence of the flow transition as Fr exceeds unity. A significant shift in velocity
distributions occurs between Froude numbers of 0.92 and 1.04, highlighting the shift
from subcritical to supercritical flow. During supercritical flow, the wake within four to

five diameters downstream interacted with the free surface and shifted upwards.
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Chapter 6: Hydrokinetic Turbine System Prototype, Simulations
and Testing

Motivation

In order to develop a successful final design, previous aspects investigated must
be incorporated. River data analyzed in Chapter 3 provides an expected acceptable flow
range for design of approximately 1.0 to 2.5 m/s that provides the highest possibility of
unit deployment while also providing economic levels of power output. Depth
considerations indicate that the unit be confined to 1 m in diameter to meet spatial
restrictions expected. Results on the preliminary diffuser design and simulations with the
presence of the free surface offer additional expectation for the diffuser size and how it is
affected by the river conditions.

The optimization process incorporated in the diffuser design was applied to both
blade-diffuser design to produce a final design. Optimization goals were applied not only
meet the power and thrust requirements, but also to additional constraints developed
based on expected operation depth, feasible diffuser size, and weight limitations. Final
specifications were made for mechanical-to-electric power conversion based on the
optimized power and thrust output.

Once a final design was produced, it was necessary to generate numerical
predictions for the overall system configuration. Full-scale CFD simulations were applied
to produce curves of the power and thrust coefficient. To complement numerical
predictions, experimental results were obtained at the Circulating Water Channel (CWC)

at the Naval Surface Warfare Center, Carderock Division. Tests were conducted over a
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working flow range of 1.0 mVs to 1.7 m/s. Experimental results were compared to the
numerical results to validate the solver and turbulence model implemented.
Final Optimized Design
Optimized Blade and Diffuser Geometries

The final blade and diffuser geometries were optimized by Scheicher et al.
[37,50,51] using the rapid CFD processes highlighted in Chapter 4. For the optimization
of the final design, a full factorial experiment was conducted. A free stream velocity of
1.5 m/s was used such that the resulting blade geometry would be ideal for operating near
the middle of the expected operating range determined through river data analyses.
Instead of directly applying equations (1) through (10), an aspect of curvature was
applied to the blade during a second iteration of the optimization loop shown in Figure 10
[37]. This added curvature results in equation (6) no longer being valid as the relative
blade angle become variable as a function of meridional length along the blade.

The final propeller based turbine design, shown in Figure 39, was augmented with
a simple curved diffuser. The final design is similar to the two blade design observed in
Figure 4. The B-spline used to produce the curvature in the blade is shown in Figure 40.
This curvature leads to corresponding blade angle from the leading edge (LE) to the
trailing edge (TE). The diffuser incorporated in the design consisted of an area ratio (AR)
of 1.31 and has a length of approximately 0.381 m. The diffuser angle (0)is 12°. The list

of turbine and diffuser design parameters is provided in Table 11.
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Figure 39. Propeller turbine blade (a) front view and (b) top view.
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Figure 40. Blade curvature along the turbine mean line from the leading edge (LE) to

trailing edge (TE) and relative blade angle (teal line).
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Table 11. Geometric Parameters for Blade Curvature and Diffuser

Variable Value Variable Value

Dt 0.6826 m Di 0.6985 m
Dn 0.1651 m Do 0.8001 m
AO 90.0° L 0.381m
Am 0.1524 m Zs 3

c 0.83 0 24.0°
AR 1.31

The prototype design, including the hub, nacelle, elliptical supports, turbine blade,
and diffuser are included in Figure 41. In Figure 41a, the front view of the overall system
can be observed. The leading cone, along with the staggered elliptical supports, allow for
streamlined inflow to minimize perturbation before interaction with the blades. The
nacelle has a slightly larger diameter and allows for the back end elliptical supports to be
fixed perpendicular to the diffuser. The supports, nacelle, and front cones observed in the
preliminary design were produced with the goal of using the diffuser as the primary
structural support for the entire system. The diffuser is the primary component of the

entire unit design.

Figure 41. Prototype design (a) front view and (b) side view with diffuser implemented

from Schleicher et al. [37,52].
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Runner Fabrication

The optimized blade geometry was produced using a 5-axis computer numerical
control (CNC) machine. Each blade was roughed down from a solid block of aluminum.
A piece of solid aluminum bar-stock was turned down to the pre-dimensioned diameter
of the hub specified in Table 11. Once the solid hub was finished with the lathe process it
was then moved to the 5-axis mill to prepare it for the runner blades. In order to optimize
rigidity and mechanical strength curved slits were milled into the side of the hub for each
blade. The three blades were placed in the slits and were subsequently affixed using gas
tungsten arc welding (GTAW). The surface was polished to remove and residual

roughness caused by the initial manufacturing processes employed.

Figure 42. Final optimized blade design.
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Initial Numerical Analysis

It was necessary to have an approximation for the mechanical power produced by
the turbine under the given loading conditions so that the expected torque could be
obtained. The torque produced is vital in the generator selection process. The results from
characterizing the performance of these geometries are presented in Figure 43 and Figure
44. A structured, hexahedral mesh of approximately 5.0 million cells were used to
conduct the optimization simulations. The power coefficient is presented in Figure 43 and
thrust coefficient in Figure 44 as a function of tip-speed ratio. The preliminary results
observed were produced using the rapid CFD optimization process. Therefore, it was
assumed that there was roughly a 10% error in the final mechanical power and axial
thrust.

From Figure 43, the best efficiency point of the prototype yields a power
coefficient of approximately 0.68 at a tip speed ratio of 2.75. Preliminary results of
Schleicher’s benchmark design [9] are included along with the results of the same design
operating with a diffuser that has an area ratio of 1.36 [45]. The results are obtained ata
flow speed of 2.25 m/s. When the diffuser is applied to the two-blade design, the
performance increases from 0.43 to 0.59, representing a 37.2% increase in power.
Preliminary power predictions of the prototype indicated a 62.8% increase from the same
initial benchmark. The results in Figure 43 only take into consideration the blade and
diffuser geometries. The leading cone, nacelle, and supports were not included in the

initial performance analyses.
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Figure 43. Power coefficient as a function of tip speed ratio from rapid CFD results.
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Mechanical to Electrical Power Conversion

Based on the optimization work done by Schleicher [37,51], the prototype was
known to produce approximately 431.4 W of mechanical power at a free stream velocity
of 1.5 m/s. A 20 Ampere, continuous DC permanent magnet generator produced by
Windstream LLC was selected for mechanical-to-electrical power conversion. The
generator output specs along with the anticipated primary operating point are included in
Figure 45. Additional details and dimensions are provided in Appendix C.

The prototype, under the designed conditions, would result in 48 VV DC output
with a current of approximately 8 A. The selected generator may only operate
continuously at currents less than 10 A. Therefore, a majority of future testing will be
conducted primarily at flow rates of approximately 1.5 m/s and less. At the design point
indicated, the turbine system would be able to operate continuously without any time
limitations.

The rotation rate of the optimized turbine blade under ideal loading is 115 RPM.
The generator shaft rotation rate under the preselected operating conditions of the DC
generator is approximately 1150 RPM. Therefore, an in-line gearbox with a 10:1 ratio
was selected to couple the turbine shaft and the generator shaft. A PE-W Series gearbox
was selected from GAM was purchased which came with a custom mount to attach onto
the generator. Torque produced by the turbine was determined to be 35.83 Nm. After the
10:1 step-down in torque, the resulting torque still exceeds the required 0.153 Nm of
startup torque for the generator. The current design will be capable of operating at flow
rates as low as 1.0 m/s, approximately. The gear box has a male input and a female
output. A male-male elastomer coupling was selected to dampen possible shaft vibration
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and any slight misalignment between the turbine runner shaft and the gear box. The gear
box dimensions and supporting documents provided by GAM are included in Appendix

D.
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Figure 45. Shaft RPM vs DC output for chosen generator.

The prototype was designed such that it can interface with the Ground Renewable
Expeditionary Energy System (GREENS). The input voltage range of GREENS is 18 to
32 V DC at a maximum power of 1.0 KW. Due to the input voltage limitations of the
system, a DC/DC converter was selected to convert the 48 V during generator operation

toa 24 Vinput. The converter will be used only for initial experimentation. Efficiencies
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of each component are contained in Table 12. The generator assembly is shown in Figure
46. Stainless steel rods and rings were added to the upstream faceplate (to the left) and
the gear box to help resist torsion and to house an arduino board for shaft RPM data
acquisition.

Table 12. Prototype Component Efficiencies

Efficiency Generator Gear Box DC/DC Converter

N 0.96 >0.85 0.94

Figure 46. Generator assembly.

Materials and Mooring

The prototype is comprised of components fabricated from both 316 stainless
steel and 6061* aluminum. The diffuser supports shown in Figure 47 have an elliptical
cross section with major and minor axes of 1”” and 2”, respectively, to minimize influence
on wake flow-field and production of structural forces. The force produced in the current
geometry can be estimated using worst-case assumptions ie. |U| is calculated using the

tip speed of the blade. Cp, = 0.4 from the Moody Diagram for an elliptical pipe:
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U = \/UOOZ + (“)Z—D)Z (66)

Using equations (14) and (66), the distributed load on each support is estimated to
be F, =67.88 N. The magnified force exerted on the beam is negligible when
considering the structural integrity of the supports. The velocity magnitude used far
exceeds the flow speed of the oncoming flow that will be experienced by the supports
and acts as factor of safety due to the drag force having a proportionally square
relationship with velocity. The analysis provides an estimate of thrust that would be
generated by the ellipsoid supports and ensures that the tubing will be able to withstand
the anticipated dynamic loading and remain structurally sound.

The nacelle is shown in Figure 47. The side view, Figure 47a, highlights two key
characteristics of the design. In order to enable testing in the circulating water channel at
the naval surface warfare center or in other similar scenarios stainless-steel box tubing is
joined with the nacelle tube core. The box tube is 4 inches by 2 inches by 1/8 inch thick.
This section was drilled and arc welded onto the nacelle. The tube was welded onto to
core of the nacelle using 0.899 mm diameter stainless steel filler wire, an argon, helium,
and CO: shielding gas mixture, and constant voltage welding parameters. This tube allows
for the device to be rigidly secured via a beam inserted and bolted. Other features that
used a gas metal arc welding (GMAW) procedure are the ellipsoidal supports. These
supports bolt into the diffuser and provide crucial stability to the system. The supports
and the mounting box tube were welded with a GMAW process. However to more
precisely ensure a watertight fit the end of the nacelle, from Figure 47b, was welded with

a GTAW process. A certified welder applied a TIG welded the back cap of the nacelle
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into place. A watertight pass through gasket is mounted on the back cap of the nacelle
taking advantage of the flat surface. Using the pass through gasket and clear tubing it is
possible to feed through multiple electrical wires for the generator. These wires are used
for the power monitoring system, the generator output, and various process monitoring.
One process-monitoring device implemented was an arduino-based system that measures

the RPMs of the turbine blade.

Figure 47. Nacelle (a) side view and (b) top view.
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For mooring the nacelle to arigid bridge over the Navy’s circulating water
channel a strong beam was created. The beam is comprised of two square 38.1 mm, 6.31
mm thick steel beams. The beams were welded together using a GMAW system. The
filler metal used was ER70S-6, Argon (75%)/C02 (25%) shielding gas, and a constant
voltage weld setting. After the two beams were welded together they were transferred to
a Bridgeport Knee Mill. The beam constructed to hold the turbine in place is shown in
Figure 48. The beam is over 1.8288 m long. This distance accounts for the length from

the mount to a fixed depth of 1.3716 m in the channel.

Figure 48. Welded support beam.
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Full Scale Prototype Performance and Predictions
Numerical Predictions

Due to the error involved with the rapid-CFD method, it was necessary to conduct
more refined simulations. A full scale model was analyzed without the presence of the
support beam or the support fixture welded onto the nacelle. Due to the complex
geometry involving the nacelle, diffuser, and supports, an unstructured mesh was used to
resolve the boundary layer. A hexahedral mesh was still used for modeling the turbine
blades. A mesh containing approximately 19 million cells was used to conduct the full-
scale unit performance predictions. The final overall system efficiency is generated
through augmenting equation 10 with the efficiencies listed in Table 12, as follows:

CP,overall = CPncon ngen nge ar (67)

where 7., is the efficiency of the DC/DC converter, 7., is the efficiency of the
generator, and 7., is the efficiency of the gear box.

After applying equation (67) with and without the efficiency of the DC/DC
converter, power and thrust coefficient as a function of tip speed ratio are displayed in
Figure 49 and Figure 50. When including the DC/DC conversion losses, the overall
system still generates 44% of the maximum power acting on the swept area of the turbine
blades. Figure 49 indicates that the thrust of the current prototype is less than that
predicted by Riglin et al. [45] despite a larger overall system. This suggests that the

overall device will be easier to moor as it will experience less axial loading.
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Figure 49. Prototype power coefficient predictions as a function of tip speed ratio.
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Figure 50. Prototype thrust coefficient predictions as a function of tip speed ratio.
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In Figure 51 the velocity contours are displayed along the streamlines within the
turbine domain. The turbine blades, nacelle, and supports are shown with the diffuser
geometry omitted, allowing for the chaotic nature of the flow to be observed following
the trailing edge of the blades, downstream supports, and the diffuser outlet. Within the
near wake of the prototype, the highest reduction in flow velocity is observed. The
substantial drop in velocity observed corresponds to enhanced thrust generation observed

in Figure 50.
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Figure 51. Normalized velocity along streamlines within the turbine domain.

Velocity contours along the vorticity ropes generated ata normalized vorticity
value of 1.0 are highlighted in Figure 52. The high flow velocity observed on the
upstream supports between the front cone and the diffuser, along with the reduction in

power observed between Figure 43 and Figure 49, indicate that the supports have a
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substantially larger impact on turbine performance than previously expected and will
require additional analysis and redesign for future turbine design iterations. Results
obtained for the prototype had the boundary layer resolved with y* values ranging
between 30 and 50 for solid boundaries, especially boundaries critical for accurate

performance results.
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Figure 52. Normalized velocity contours along vorticity ropes at a normalized vorticity of
1.0.

Experimental Results

Experiments on the preliminary prototype were conducted at the Circulating
Water Channel (CWC) at the Naval Surface Warfare Center, Carderock Division [53]. .
Two, 14-gage copper wires were led from the generator to electrical monitoring and data
acquisition equipment. Two different experimental setups were used. The first setup
incorporated an active load allowing for the generator loading to be adjusted through

varying the current. The second setup used a capacitor in conjunction with a Solar
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Charging Converter (SCC) and a battery bank. The channel was operated at flow speeds
ranging from 1.0 m/s to 1.7 m/s to determine the power production of the prototype.

At 1.6 m/s, a peak power output of 288.0 W was observed. When the flow rate
was increased to a value of 1.7 m/s, peak power increased to 336.3 W. Power production
roughly matched the expected power output based upon generator and gear box
selections. Due to the 14-gage copper wire running 50 feet to the data acquisition system,
it was assumed that there would be roughly 3% transmission losses. Based on the
assumed losses from the wires and the efficiencies provided by Table 12, the overall
efficiency predictions of the prototype were determined based on the expected
mechanical power shown in Figure 49. Figure 53 shows the power coefficient of the
prototype unit for flow speeds covering the entire testing range of flow speeds and the
overall efficiency predictions. The experimental data show agreement with the numerical
predictions up to atip speed ratio of roughly 2.5. Both numerical and experimental results
yield approximately the same performance under peak conditions. At tip speed ratios
exceeding 2.5, the experimental results show a steep drop from predictions. It should be
noted that the prototype was designed to operate around a tip speed ratio of 2.5, so the
design was successful in operation near the peak design point. The drop-off in power
production itself is a resultant of the generator selection. The generator has a very
specific operating range of acceptable shaft rotation rates. From equation (16), the
relationship between turbine rotation rate and tip speed ratio may be assessed. As the tip
speed ratio increases, the rotation rate of the generator shaft increases proportionally with
a factor of 10 (due to the gear ratio implemented). Due to the increase in shaft rotation
rate, the significant drop in power production is observed.
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Figure 53. Power coefficient as a function of tip speed ratio at various flow speeds.
Figure 54 shows the comparison between numerical predictions and the
experimental results obtained closest to the design point of the turbine. Therefore, only

data obtained between flow rates of 1.5 m/s and 1.7 m/s were used. Figure 54 further
emphasizes the positive agreement observed between the experimental data and the
numerical results. All results shown were time averaged over a period of approximately
30 seconds. The values of standard deviation, op, are plotted as a function of the
corresponding power values in Figure 55. Outside of a few ouitliers, it can be observed
that we have a confidence of approximately 0.02 for power coefficient values that we
obtained, especially near peak performance when Cp is greater than 0.25. During testing,
it was determined that the startup speed for the turbine was approximately 0.8 nvs and the

stall speed occurred at roughly 1.0 mys.
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Figure 54. Power coefficient as a function of tip speed ratio for flow speeds ranging from

1.5 m/s to 1.7 m/s compared to numerical predictions.
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Conclusions

Based on a preliminary design of a DAHKT and subsequent numerical
predictions, efforts were made to generate a prototype for testing. The prototype was
designed for operation at 1.50 m/s of flow, corresponding to results observed from river
data analysis indicating the prime operation range for river units. In addition to the
prototype design, numerical predictions of the mechanical power of the unit were
determined using CFD at a predetermined fluid flow speed. A gearbox with a constant
ratio of 10:1 and an efficiency of 0.94 was selected for transferring the loading between
the turbine blade and the generator. A DC generator was selected with an efficiency of
0.96 for mechanical-electrical power conversion. An elastomer coupling was selected to
reduce vibration occurring in the shaft between the turbine and the gearbox. Finally, a
DC/DC converter was selected with a minimum efficiency of 0.85 to allow for GREENS
interfacing. The nacelle, supports, and turbine blades were constructed using stainless
steel and aluminum to ensure a rigid, structurally sound unit.

Under optimum loading conditions, the maximum mechanical power coefficient
produced from the prototype system was approximately 0.51 for refined CFD analysis.
Overall system analysis yielded a maximum efficiency of 0.44 when the DC/DC
converter was applied. Numerical results indicate that the leading and trailing supports
result in substantial losses in turbine output and generate additional axial thrust. Future
design iterations must account for the losses and possibly alter support designs to
enhance unit performance.

Experimental results were obtained for free stream velocities ranging from 1.0
m/s to 1.7 n/s. Both numerically predicted peak efficiency points and experimental data
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resulted in a peak turbine efficiency of approximately 0.36 at a tip speed ratio of 2.50.
Based on the agreement between the experimental results and the numerical predictions,

the numerical methods applied for turbine modeling and optimization were validated

[9,37,39,45,49].
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Chapter 7: Concluding Remarks

This dissertation highlights the design, modeling, and fabrication of a preliminary
portable hydrokinetic turbine designed for river applications. Basic terminology and
theory pertaining to hydrokinetic turbine systems and turbomachinery in general were
outlined. The Betz and Glauert limits, both of which are based on linear conservation of
momentum, were derived to highlight fundamental limitations imposed on hydrokinetic
technologies. Key performance parameters of turbine units were introduced, including tip
speed ratio, power coefficient, and thrust coefficient. Two different design
methodologies, top down and bottom up, were described and detailed specifically as to
how they pertain to hydrokinetic turbines. A literature review was included detailing key
contributions to the hydrokinetic research field.

The numerical modeling techniques implemented were presented and described in
detail. The Reynolds-Averaged Navier-Stokes equations were derived in the absolute
reference frame as well as described in the relative reference frame. The rotating
reference frame allows for the RANS equations to be described in non-inertial frame in
contrast to the absolute, inertial frame. Turbulence modeling was briefly described and
equations for the k- Shear Stress Transport model implemented to determine turbine
performance. The finite volume method used to solve linear partial differential equations
was introduced and defined. The numerical methods implemented were presented along
with details regarding stability, accuracy, and efficiency. Specific boundary conditions
were listed for each subset of numerical analyses conducted for the present manuscript.

River data obtained by United States Geological Survey were used to determine

key characteristics of potential installation sites. These characteristics determined would
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impact design restrictions in order to allow for the highest possible range of unit
applicability. Gamma probability density functions were fit the data acquired by the
United States Geological Survey. Two separate sets of data were analyzed, one set taken
from January 1980 to December 1983 and the other taken from January 2010 to
December 2013. Results showed similar characteristics. When looking at an operable
range from 1.0 m/s to 2.5 nvs, the 1980-1983 data and the 2010-2013 data result in
48.4% and 42.7% of sites falling within that range, respectively. Due to water level of a
river being a function of space and time, average depth was considered to determine
possible spatial restrictions. The percentages of sites meeting the operable range drop to
values of 14.1% and 15.6% when an average depth of 2.0 mis required. This indicates
that the overall unit design is greatly limited and should not exceed roughly 1 min
diameter.

Optimization and characterization of diffuser designs were presented. It is shown
here that the diffuser enhances the power production of the turbine unit significantly. The
optimization methodology implemented was a central composite design. Rapid-
computational fluid dynamics was utilized to product predictions that could be applied to
regression models. The regression models were used to generate a response surface to the
diffuser parameters modeled. Grid studies were conducted for both a baseline case and
for the diffuser cases. Two specific diffusers were characterized, one with an area ratio of
1.36 and the other with an area ratio of 2.01. A 39.5% increase in power was observed for
the diffuser with an area ratio of 1.36. When the area ratio was increased to 2.01, a 55.8%
increase in mechanical power output was observed. Despite the added power produced by
the larger diffuser, a substantially larger axial thrust was observed, indicating that the
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diffuser must be optimized such that power production is enhanced while limiting the
axial thrust produced to a design specific threshold.

The effects of free surface on hydrokinetic turbine performance were investigated.
Multiphase simulations were conducted to numerically map the free surface level during
turbine operation at various depths of submergence from free surface to turbine blade tip.
Open channel boundary conditions and a numerical beach were implemented to apply
stability to the implicit Volume of Fluid scheme applied. The two primary results
obtained were the free surface deformation captured and the performance results of the
turbine unit. Simulations were conducted at the same operating conditions/best efficiency
point used for baseline model predictions. It was determined that at a Froude number of
1.0, a 33% drop in mechanical power production is observed. At this point and for Froude
numbers exceeding 1.0, significant interaction between the downstream wake of the
turbine and the free surface. This interaction was also observed in the validation study.
The free surface interaction absorbs energy within the wake of the flow and would
otherwise potentially be harnessed by the turbine unit. The decline in turbine
performance suggests further spatial restrictions are necessary in the prototype design
when considering expected river conditions.

Prototype design, modeling, and fabrication is described in detail. The final
optimized blade was characterized and fabricated using a 5-axis CNC milling machine.
Blades were individually welded onto the central hub. Preliminary mechanical power
predictions were determined and used to select a 10 ampere continuous, DC generator
suitable for mechanical-to-electrical power conversion. During ideal turbine operation,
the turbine shaft rotates at 115 RPM and the generator shaft rotates at 1150 RPM.
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Therefore, a gear box was selected with a 10:1 ratio. The torque produced by the blades is
great enough to exceed the startup torque of the generator by an order of magnitude after

the gear ratio was applied. Supports, nacelle, and diffuser materials were either aluminum
alloy or stainless steel.

Numerical predictions with the full hydrokinetic turbine system prototype were
conducted to obtain more accurate power and thrust results. Efficiencies of each
component were applied to the mechanical power determined, resulting in a final curve of
expected unit efficiency. The full scale, refined model of the prototype unit yielded a
mechanical power coefficient value of 0.51 at a tip speed ratio of 2.5. At the same
position, the overall efficiency was determined to be 0.44. The final efficiency yields an
expected electrical output of approximately 274 Watts, indicating that two units operating
in tandem will produce the desired power.

Two setups were used in determining power output of the turbine. An active load
was applied in one scenario, allowing for the current being drawn from the generator to
be altered. The second incorporated and electronic load and a series of batteries coupled
with a SCC. Testing was conducted over flows ranging from 1.0 m/s to 1.7 m/s. At a flow
rate of 1.7 my/s, the turbine was actively production 388.0 W of electric power
corresponding to an overall efficiency of 0.36. Even at a slightly reduced flow speed of
1.5 m/s, 221.4 W of power was still achieved. Power production observed during testing
exceeded goal and targets originally prescribed.

Both numerical predictions obtained through steady state simulations and the
experimental results showed good agreement. For each performance curve of the overall
efficiency yielded a best efficiency point of 0.36 at a tip speed ratio of approximately 2.5.
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At tip speed ratios exceeding 2.5, a significant drop in turbine performance was observed.
This steep reduction of power is resultant upon the generator selected for the turbine, as it
cannot handle the excessive rotation rates experienced at high values of tip speed ratio. It
becomes abundantly clear that it is necessary to implement a control system to allow for
the generator loading to vary based upon the incoming flow experienced by the turbine
inlet. Based on the good agreement between numerical and experimental values, CFD
simulations and analyses conducted in the formulation of the turbine prototype were

validated [9,39,51].
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Appendices

Appendix A: Turbogrid Input Curve for Two-Blade Propeller Design
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-1.243774684
-1.216800359
-1.186898060
-1.154116193
-1.118505997
-1.080119088
-1.039009781
-0.995234865
-0.948853419
-0.899926442
-0.857878650
-0.805883186
-0.751962143

0.013635060
0.001483735
-0.014477368
-0.027816831
-0.036060893
-0.040462787
-0.040935606
-0.040602558
-0.037114974
-0.032649424
-0.024945911
-0.021649449
-0.011662912
-0.004534456
0.008091319
0.016065128
0.030787737
0.041033039
0.057997606
0.065995057
0.085441324
0.104686079
0.129766015
0.151632233
0.166394743
0.189243981
0.210088809
0.229216138
0.269951535
0.334314480
0.397805531
0.460302047
0.521681020
0.581827669
0.640624340
0.697955846
0.753704773
0.807755721
0.859991409
0.910293421
0.958542508
1.004618807
1.040754904
1.081516916
1.119678296

-0.277776460
-0.254478739
-0.219138711
-0.180262436
-0.146148904
-0.113485121
-0.105751274
-0.079699251
-0.056192394
-0.041068590
-0.024876435
-0.019828607
-0.008474105
-0.002820848
0.003808571
0.006323551
0.008363008
0.008127896
0.005285077
0.002997350
-0.004806505
-0.015432068
-0.033353161
-0.052725204
-0.067885764
-0.094888474
-0.124195465
-0.155726017
-0.228357393
-0.343925999
-0.459310691
-0.574585240
-0.689811413
-0.805050253
-0.920359657
-1.035798678
-1.151425446
-1.267296816
-1.383472589
-1.500013035
-1.616978212
-1.734429242
-1.831313500
-1.946770802
-2.062209245
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-0.696217513
-0.638752316
-0.579671498
-0.519082082
-0.467450440
-0.404934187
-0.341455672
-0.277135884
-0.212096455
-0.146459192
-0.080347314
-0.024892747
0.041174313
0.107133261
0.172858059
0.238221613
0.303098398
0.367361623
0.420454619
0.482707698
0.543794104
0.603595653
0.661996202
0.718880033
0.774129707
0.819972424
0.871429294
0.920788504
0.967954968
1.012833817
1.055333299
1.095357180
1.096732814
1.101323530
1.103871801
1.104575743
1.103272370
1.099792657
1.094698132
1.087313444
1.078816297
1.068132745
1.056959796
1.043928761
1.031159433

1.155165669
1.187906574
1.217829012
1.244861575
1.265154787
1.286528217
1.304812084
1.319970550
1.331969085
1.340774498
1.346354656
1.348520263
1.348121369
1.344488384
1.337627243
1.327545484
1.314251845
1.297756521
1.281539879
1.259412493
1.234266795
1.206150421
1.175111730
1.141200266
1.104468083
1.070874303
1.029435542
0.985532892
0.939249556
0.890670651
0.839879859
0.786968359
0.785050116
0.778596835
0.774979740
0.773976083
0.775832860
0.780757748
0.787884858
0.798045127
0.809494872
0.823540521
0.837832047
0.854013637
0.869388736

-2.177684556
-2.293253776
-2.408976257
-2.524910183
-2.621845674
-2.737290029
-2.852715570
-2.968179686
-3.083739437
-3.199451151
-3.315373237
-3.412336050
-3.527773416
-3.643191771
-3.758649146
-3.874203187
-3.989909512
-4.105826652
-4.202816312
-4.318246829
-4.433658384
-4.549110325
-4.664657840
-4.780358361
-4.896270680
-4.995562375
-5.110988535
-5.226396532
-5.341845589
-5.457392507
-5.573093458
-5.689006085
-5.693771475
-5.712635857
-5.732225331
-5.753983960
-5.773989332
-5.794859738
-5.813003159
-5.830664046
-5.844889655
-5.857385201
-5.866105218
-5.872081182
-5.874331428
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1.016939418
1.003961258
0.999685329
0.987495089
0.976123378
0.972098635
0.963250145
0.955342457

0.885980119
0.900659948
0.905403663
0.918683840
0.930757594
0.934960316
0.944073994
0.952075280

# Profile 2 at 12.5000%

2.804365315
2.731114152
2.655589504
2.577828424
2.497866017
2.415734955
2.331465773
2.245087025
2.156625487
2.066105941
1.973551017
1.878982082
1.782419391
1.729901640
1.632089702
1.533003163
1.432685755
1.331179995
1.228526942
1.124766519
1.019937715
0.914078732
0.807227065
0.699419819
0.590693682
0.481084825
0.370628984
0.311297766
0.201901588
0.092488736
-0.016897723
-0.126214724
-0.235418928
-0.344466846
-0.453315040

2.442260581
2.523909082
2.603256797
2.680280243
2.754953162
2.827247105
2.897131152
2.964571776
3.029532649
3.091974742
3.151856270
3.209131954
3.263752851
3.291890320
3.341464465
3.388067718
3.431692453
3.472327949
3.509960558
3.544573577
3.576147175
3.604658324
3.630080719
3.652384629
3.671536809
3.687500367
3.700234549
3.705697676
3.713265047
3.717599682
3.718711609
3.716607513
3.711290812
3.702761693
3.691017074

-5.873086081
-5.868579666
-5.866363377
-5.857841179
-5.846407154
-5.841389771
-5.827676955
-5.811041300

-5.868708650
-5.799124924
-5.729634626
-5.660204707
-5.590801683
-5.521393026
-5.451946322
-5.382428850
-5.312807334
-5.243048936
-5.173120722
-5.102987056
-5.032610851
-4.994815821
-4.925252939
-4.855792198
-4.786399500
-4.717041188
-4.647684684
-4.578297741
-4.508848097
-4.439303256
-4.369630217
-4.299794944
-4.229762673
-4.159498239
-4.088965757
-4.051170465
-3.981608848
-3.912148222
-3.842755316
-3.773397078
-3.704040583
-3.634653155
-3.565202723
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-0.561919635
-0.670235903
-0.778217991
-0.885818946
-0.992990639
-1.099684539
-1.156460792
-1.260167021
-1.362629739
-1.463813062
-1.563679841
-1.662191709
-1.759308861
-1.854989920
-1.949191629
-2.041868807
-2.132974314
-2.222458935
-2.310271096
-2.396356643
-2.441855463
-2.523489184
-2.602815140
-2.679810633
-2.754450604
-2.826707417
-2.896550848
-2.963948119
-3.028863829
-3.091259849
-3.151095190
-3.208325837
-3.262904394
-3.314779752
-3.344756350
-3.391214341
-3.434658279
-3.475083323
-3.512481581
-3.546841998
-3.578150209
-3.606388708
-3.631536793
-3.653570983
-3.672464407

3.676050583
3.657852566
3.636410087
3.611706848
3.583723086
3.552435147
3.534359914
3.498725574
3.460107189
3.418530808
3.374019401
3.326592894
3.276268288
3.223059720
3.166978617
3.108033677
3.046230808
2.981573048
2.914060574
2.843690631
2.804718072
2.731502133
2.656022385
2.578316609
2.498420187
2.416366434
2.332186687
2.245910308
2.157564707
2.067175394
1.974765978
1.880358179
1.783972107
1.685626519
1.625332743
1.526029768
1.425560966
1.323970340
1.221300417
1.117592683
1.012888269
0.907227672
0.800651038
0.693195958
0.584898916

-3.495657299
-3.425984410
-3.356149645
-3.286117561
-3.215852577
-3.145319108
-3.107521929
-3.037959504
-2.968498566
-2.899105357
-2.829746705
-2.760390167
-2.691003543
-2.621554531
-2.552010113
-2.482336783
-2.412500741
-2.342467795
-2.272203001
-2.201670291
-2.163667872
-2.094105636
-2.024643825
-1.955249517
-1.885890290
-1.816533711
-1.747146851
-1.677696847
-1.608150798
-1.538475546
-1.468637684
-1.398603445
-1.328338322
-1.257805714
-1.215092945
-1.145546540
-1.076109594
-1.006748996
-0.937432581
-0.868128415
-0.798803575
-0.729424650
-0.659957500
-0.590371064
-0.520635020
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-3.688185975
-3.700701502
-3.709972990
-3.715958337
-3.716736666
-3.717623797
-3.718248916
-3.718559993
-3.718705466
-3.718723610
-3.718749491
-3.718744942
-3.718738150
-3.718735826
-3.718737229
-3.718744642
-3.718749034
-3.718746190
-3.718733119
-3.718677361
-3.718606868
-3.718427230
-3.718319534
-3.717942168
-3.717415500
-3.717307082
-3.716420143
-3.715295369
-3.714397530
-3.712637917
-3.710625421
-3.708361551
-3.704765550
-3.693650945
-3.679343919
-3.661860669
-3.641213914
-3.617413346
-3.590465815
-3.560374267
-3.527138759
-3.490756517
-3.451221487
-3.408524331
-3.362652136

0.475800146
0.365937090
0.255346769
0.144066653
0.122352444
0.091514297
0.061045541
0.037591777
0.018199416
0.014009705
0.001945216
-0.006133588
-0.009388058
-0.010267294
-0.009745953
-0.006312747
-0.002681032
0.005323491
0.011204845
0.023243275
0.032627078
0.048994911
0.056580992
0.077508702
0.099617076
0.103583881
0.131616412
0.160255690
0.179868150
0.213122648
0.245683841
0.277769996
0.322201458
0.431328482
0.539935076
0.647979941
0.755422262
0.862219371
0.968326801
1.073702306
1.178301209
1.282076637
1.384980797
1.486964507
1.587977386

-0.450711533
-0.380566078
-0.310163653
-0.239467339
-0.224691274
-0.201071037
-0.172837047
-0.146626682
-0.119866974
-0.113095040
-0.089918502
-0.067489406
-0.051906317
-0.033940812
-0.027859170
-0.013087697
-0.004667076
0.007182371
0.013222390
0.022014447
0.026770751
0.032291441
0.033952522
0.036362375
0.036179383
0.035902064
0.032118010
0.025356332
0.019212674
0.006246912
-0.009692244
-0.028398393
-0.056677428
-0.126263758
-0.195756948
-0.265189989
-0.334593705
-0.404003824
-0.473454423
-0.542973945
-0.612595349
-0.682353597
-0.752283426
-0.822419556
-0.892796608
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-3.336781546
-3.286927728
-3.234294235
-3.178911882
-3.120808695
-3.060009918
-2.996537839
-2.930412195
-2.861650347
-2.790267189
-2.716275158
-2.639684275
-2.560502168
-2.478733700
-2.434006084
-2.350051080
-2.264178682
-2.176429632
-2.086842714
-1.995454744
-1.902300818
-1.807414439
-1.710827690
-1.612571297
-1.512674593
-1.411165447
-1.308070527
-1.203415395
-1.146894515
-1.042095158
-0.936543783
-0.830284263
-0.723359709
-0.615812889
-0.507686334
-0.399022369
-0.289862956
-0.180249160
-0.070222045

0.040176955

0.150905778

0.261922041

0.321635299

0.430729664

0.539292237

1.641642615
1.739312414
1.835331677
1.929668574
2.022289458
2.113158977
2.202240346
2.289494688
2.374880808
2.458355259
2.539872207
2.619383227
2.696837075
2.772179794
2.811532668
2.882075899
2.950016349
3.015336734
3.078017065
3.138034724
3.195364324
3.249977632
3.301843451
3.350927539
3.397192537
3.440597862
3.481099404
3.518649308
3.537475729
3.569753387
3.598886954
3.624876495
3.647718779
3.667407265
3.683932159
3.697280448
3.707435910
3.714379060
3.718086931
3.718532960
3.715686882
3.709514578
3.704814745
3.693720823
3.679438197

-0.930587998
-1.000149829
-1.069610321
-1.139003228
-1.208362128
-1.277719607
-1.347107560
-1.416558079
-1.486103741
-1.555777726
-1.625613853
-1.695646823
-1.765912093
-1.836445515
-1.874236965
-1.943799518
-2.013260846
-2.082654409
-2.152013191
-2.221369576
-2.290755897
-2.360204679
-2.429748961
-2.499422274
-2.569258304
-2.639291021
-2.709555296
-2.780087323
-2.817877164
-2.887439202
-2.956901121
-3.026295421
-3.095654109
-3.165009367
-3.234394593
-3.303843445
-3.373388957
-3.443063584
-3.512900244
-3.582932917
-3.653196980
-3.723728953
-3.761724279
-3.831285407
-3.900745975
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0.647282355
0.754658873
0.861379861
0.967402559
1.072683174
1.177176848
1.280837875
1.383619219
1.485472363
1.586347036
1.686191016
1.745930325
1.841959861
1.936240274
2.028742191
2.119433731
2.208280659
2.295247388
2.380296778
2.463389063
2.544482088
2.623531426
2.700490088
2.775308181
2.847932563
2.918307368
2.920686276
2.930615285
2.938755790
2.945818829
2.950433692
2.953290905
2.953871224
2.952258385
2.948741503
2.942820528
2.935556462
2.925922804
2.915649040
2.903170596
2.890958345
2.886672771
2.874027788
2.861229859
2.856322312

3.661984041
3.641372207
3.617613343
3.590714950
3.560681447
3.527514171
3.491211237
3.451767579
3.409174889
3.363421568
3.314492634
3.283417254
3.230524018
3.174913410
3.116617828
3.055667230
2.992089252
2.925908575
2.857146970
2.785824095
2.711957313
2.635561499
2.556649145
2.475230507
2.391313798
2.304904264
2.301889059
2.289234722
2.278775103
2.269637194
2.263634819
2.259905838
2.259147263
2.261254517
2.265838721
2.273523455
2.282895052
2.295229250
2.308266067
2.323941060
2.339115519
2.344402242
2.359886827
2.375387390
2.381286293

-3.970139057
-4.039497197
-4.108852725
-4.178238369
-4.247687186
-4.317232133
-4.386906134
-4.456742594
-4.526775542
-4.597039859
-4.667571965
-4.710287312
-4.779834516
-4.849271957
-4.918631248
-4.987945605
-5.057249321
-5.126574810
-5.195953610
-5.265418321
-5.335002098
-5.404738221
-5.474660497
-5.544803768
-5.615204523
-5.685898299
-5.688626425
-5.701540544
-5.716655693
-5.735336686
-5.754045821
-5.775455624
-5.795635026
-5.817388733
-5.836745983
-5.856389818
-5.872742441
-5.888064855
-5.899571722
-5.908924291
-5.914257193
-5.915348236
-5.916371503
-5.914140432
-5.912433148
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2.844939343
2.833422072

2.394874046
2.408489345

# Profile 3 at 25.0000%

4.765696417
4.674185018
4.580313138
4.484102360
4.385572373
4.284741040
4181624275
4.076236094
3.968588636
3.858692187
3.746555269
3.632184565
3.542482620
3.425618761
3.307114769
3.186996768
3.065289595
2.942016517
2.817199337
2.690858802
2.563014670
2.433685631
2.302889260
2.170641946
2.036958970
1.901854518
1.765341714
1.627432644
1.520947062
1.383480761
1.245464894
1.106925429
0.967887967
0.828377521
0.688418753
0.548036140
0.407254001
0.266096589
0.124588034
-0.017247629
-0.159386429

3.946301296
4.054275603
4.160034592
4.263564504
4.364849507
4.463871691
4560611217
4.655046246
4.747152882
4.836905090
4.924274552
5.009230633
5.073063487
5.152697581
5.229545693
5.303603289
5.374863342
5.443316550
5.508951274
5.571753329
5.631705963
5.688789898
5.742983311
5.794261799
5.842598258
5.887962775
5.930322494
5.969641466
5.997655899
6.030848799
6.060855835
6.087682017
6.111329572
6.131798018
6.149084149
6.163182022
6.174082963
6.181775542
6.186245555
6.187475961
6.185446808

-5.906333615
-5.896968883

-5.913165786
-5.859203955
-5.805289876
-5.751405832
-5.697533242
-5.643653132
-5.589746860
-5.535795895
-5.481781746
-5.427685629
-5.373488118
-5.319169569
-5.277195100
-5.223279533
-5.169432037
-5.115632814
-5.061862426
-5.008102778
-4.954336339
-4.900545415
-4.846711283
-4.792814859
-4.738837049
-4.684758989
-4.630561583
-4.576225388
-4.521730594
-4.467056865
-4.425078219
-4.371163642
-4.317316573
-4.263517641
-4.209747964
-4.155989411
-4.102224028
-4.048433900
-3.994600643
-3.940705346
-3.886728899
-3.832652051
-3.778455566
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-0.301804474
-0.444477829
-0.587382527
-0.696890175
-0.837216092
-0.976930246
-1.116010260
-1.254432949
-1.392174477
-1.529210302
-1.665515270
-1.801063902
-1.935829887
-2.069785811
-2.202903220
-2.335152450
-2.466502779
-2.596922244
-2.726378241
-2.824783342
-2.949857056
-3.073236788
-3.194906329
-3.314847772
-3.433041689
-3.549467137
-3.664101940
-3.776922471
-3.887903286
-3.997017043
-4.104234372
-4.209524006
-4.312852706
-4.414185206
-4.513484047
-4.588640427
-4.682303511
-4.773408425
-4.861947596
-4.947911108
-5.031286695
-5.112059791
-5.190213543
-5.265728886
-5.338584565

6.180135137
6.171514863
6.159556641
6.148129824
6.130597480
6.109890633
6.086023114
6.059006043
6.028847856
5.995554362
5.959128723
5.919571359
5.876880031
5.831049901
5.782073473
5.729940601
5.674638340
5.616150916
5.554459284
5.505066332
5.439071575
5.370323258
5.298842308
5.224647404
5.147754949
5.068179090
4.985931530
4.901021618
4.813456584
4.723241578
4.630379733
4.534871982
4.436717005
4.335911117
4.232448228
4.150847537
4.044896795
3.936969425
3.827090517
3.715283558
3.601570552
3.485972022
3.368507033
3.249193061
3.128045891

-3.724119862
-3.669624908
-3.614950301
-3.572973016
-3.519056889
-3.465209205
-3.411411099
-3.357643126
-3.303885892
-3.250120172
-3.196327773
-3.142491218
-3.088592953
-3.034615251
-2.980538865
-2.926343489
-2.872008404
-2.817512854
-2.762837092
-2.720857837
-2.666941925
-2.613096127
-2.559300491
-2.505534638
-2.451778352
-2.398012399
-2.344219505
-2.290382542
-2.236484317
-2.182506566
-2.128429770
-2.074234034
-2.019899174
-1.965404875
-1.910730371
-1.868433928
-1.814516254
-1.760665701
-1.706864015
-1.653093122
-1.599334287
-1.545568416
-1.491776489
-1.437940136
-1.384041537
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-5.408756837
-5.476219462
-5.540943551
-5.602897553
-5.662047141
-5.718355044
-5.759811237
-5.809966630
-5.857030256
-5.901003925
-5.941886610
-5.979674584
-6.014361487
-6.045938327
-6.074393464
-6.099712583
-6.121878592
-6.140871568
-6.156668749
-6.169244316
-6.178569261
-6.184611449
-6.185302088
-6.186135548
-6.186779780
-6.187146132
-6.187358698
-6.187393235
-6.187468030
-6.187495470
-6.187499888
-6.187499133
-6.187498719
-6.187498969
-6.187499767
-6.187498849
-6.187494397
-6.187472753
-6.187442768
-6.187360510
-6.187309095
-6.187119369
-6.186840524
-6.186780835
-6.186285574

3.005079986
2.880308429
2.753743056
2.625394306
2.495271213
2.363381443
2.260471358
2.128249047
1.995082161
1.860996758
1.726018471
1.590172356
1.453482767
1.315973403
1.177667310
1.038586856
0.898754004
0.758190371
0.616916664
0.474953493
0.332322334
0.189043579
0.164907038
0.129935486
0.094404464
0.066173975
0.041816144
0.036348368
0.019890468
0.007487350
0.001179425
-0.003275505
-0.003981128
-0.003571781
-0.001698393
0.003773515
0.008326665
0.018362561
0.026612909
0.041547228
0.048604659
0.068630637
0.090335949
0.094335279
0.122584865

-1.330062798
-1.275985373
-1.221789749
-1.167455984
-1.112963506
-1.058290931
-1.015993035
-0.962077507
-0.908229195
-0.854430166
-0.800661625
-0.746904481
-0.693139863
-0.639349079
-0.585513685
-0.531615611
-0.477636443
-0.423557274
-0.369360538
-0.315027191
-0.260534135
-0.205860335
-0.195766517
-0.178780981
-0.157193066
-0.136194969
-0.113847733
-0.108041151
-0.087741073
-0.067376636
-0.052752388
-0.035322881
-0.029258818
-0.014097647
-0.005122469
0.008089444

0.015183048

0.026206303

0.032749318

0.041431769

0.044558444

0.051111512

0.055359270

0.055888653

0.057787387
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-6.185631916
-6.185099716
-6.184016887
-6.182735802
-6.181249958
-6.179014559
-6.169988485
-6.157746355
-6.142297291
-6.123647751
-6.101801349
-6.076758975
-6.048518843
-6.017076427
-5.982424428
-5.944552776
-5.903448542
-5.869538119
-5.823257986
-5.773999611
-5.721781103
-5.666618001
-5.608523461
-5.547508219
-5.483580595
-5.416746501
-5.347009464
-5.274370550
-5.198828253
-5.120378535
-5.039014836
-4.954728172
-4.867506974
-4.798778070
-4.708257890
-4.615396074
-4.520216282
-4.422740190
-4.322987701
-4.220976830
-4.116723749
-4.010242846
-3.901546796
-3.790646558
-3.677551412

0.152033042
0.172330350
0.207584648
0.242763779
0.278038137
0.323937239
0.465186350
0.606066062
0.746552236
0.886619691
1.026243900
1.165399765
1.304061371
1.442202318
1.579795623
1.716813486
1.853227336
1.957978170
2.091607677
2.223979483
2.355074789
2.484873575
2.613354326
2.740494263
2.866269372
2.990654375
3.113622656
3.235146295
3.355196126
3.473741486
3.590750024
3.706187393
3.820017291
3.906006309
4.014656136
4.121076963
4.225257509
4.327184473
4.426842394
4.524213838
4.619279362
4.712017462
4.802404486
4.890414596
4.976019681

0.056888490

0.054812328

0.048765265

0.039661820

0.027747079

0.010227413
-0.043733271
-0.097644143
-0.151525785
-0.205399021
-0.259280656
-0.313188296
-0.367140395
-0.421155203
-0.475251220
-0.529447754
-0.583764614
-0.625740605
-0.679655969
-0.733504718
-0.787304758
-0.841073765
-0.894830248
-0.948593324
-1.002382057
-1.056215242
-1.110111706
-1.164090326
-1.218169490
-1.272367685
-1.326703893
-1.381198429
-1.435872592
-1.477842108
-1.531760135
-1.585611119
-1.639413316
-1.693184848
-1.746944098
-1.800709576
-1.854499791
-1.908333477
-1.962229764
-2.016207999
-2.070287551
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-3.562268415
-3.444802661
-3.325157642
-3.203334925
-3.108631170
-2.985553573
-2.861073583
-2.735217699
-2.608010713
-2.479476259
-2.349636936
-2.218514616
-2.086130636
-1.952505451
-1.817658601
-1.681608398
-1.544372011
-1.405965781
-1.266405275
-1.125705658
-1.017262702
-0.877513564
-0.737481824
-0.597192822
-0.456671617
-0.315943154
-0.175032309
-0.033964005
0.107236791
0.248545057
0.389935627
0.531383086
0.672861804
0.814345928
0.955809496
1.097226278
1.206234188
1.344612533
1.482117154
1.618726759
1.754419219
1.889171561
2.022960090
2.155760166
2.287546164

5.059189657
5.139892108
5.218091883
5.293751185
5.349912943
5.419559587
5.486293303
5.550111746
5.611010281
5.668981719
5.724016293
5.776101553
5.825222332
5.871360891
5.914496890
5.954607413
5.991666825
6.025646561
6.056514999
6.084237259
6.103305075
6.124959281
6.143392940
6.158613235
6.170624546
6.179428467
6.185023843
6.187406783
6.186570659
6.182506094
6.175200924
6.164640157
6.150805902
6.133677279
6.113230280
6.089437638
6.068785326
6.039633547
6.007369224
5.972008032
5.933562965
5.892044387
5.847460023
5.799815028
5.749112001

-2.124486909
-2.178824385
-2.233318618
-2.287989526
-2.329963399
-2.383874840
-2.437720577
-2.491520336
-2.545291707
-2.599051864
-2.652817909
-2.706607766
-2.760440718
-2.814336315
-2.868314225
-2.922393313
-2.976591861
-3.030928509
-3.085422445
-3.140094510
-3.182071108
-3.235985099
-3.289832734
-3.343632778
-3.397403429
-3.451162749
-3.504928746
-3.558719637
-3.612553783
-3.666449659
-3.720426032
-3.774502183
-3.828697759
-3.883032725
-3.937526967
-3.992200647
-4.034499088
-4.088413432
-4.142260098
-4.196058454
-4.249827609
-4.303586041
-4.357351894
-4.411143294
-4.464978418
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2.418291406
2.547968100
2.676547267
2.803998625
2.930290493
3.055390010
3.179263110
3.273928451
3.393063439
3.510280694
3.625565757
3.738902595
3.850273565
3.959659228
4.067038234
4.172387416
4.275681828
4.376894607
4.475996858
4.572957596
4.667743590
4.760319415
4.850647376
4.853254140
4.864627224
4.874508151
4.883772646
4.890624512
4.896071060
4.899117531
4.900195705
4.899110682
4.895708782
4.890606113
4.883080044
4.874496015
4.863532507
4.852372687
4.848353554
4.836284158
4.823692121
4.818748528
4.807064507
4.794857877

5.695350992
5.638529490
5.578642396
5.515682003
5.449637958
5.380497016
5.308242867
5.250385581
5.174193343
5.095398483
5.014023254
4.930087589
4.843609163
4.754603563
4.663084414
4.569063307
4.472549737
4.373551172
4.272073077
4.168118890
4.061690045
3.952785766
3.841402906
3.838108975
3.823683855
3.811079445
3.799200047
3.790375724
3.783337735
3.779391970
3.777993952
3.779400849
3.783806518
3.790399464
3.800090201
3.811094967
3.825076183
3.839223301
3.844297603
3.859470403
3.875196842
3.881342406
3.895803778
3.910817586

-4.518875621
-4.572853446
-4.626930854
-4.681127581
-4.735463787
-4.789959625
-4.844634905
-4.886933350
-4.940847922
-4.994695009
-5.048494357
-5.102264464
-5.156023143
-5.209788498
-5.263579199
-5.317413849
-5.371310791
-5.425288579
-5.479366161
-5.533563018
-5.587899265
-5.642394496
-5.697068601
-5.698925934
-5.708362882
-5.720509232
-5.736495607
-5.753306103
-5.773340697
-5.792919191
-5.814768206
-5.834892022
-5.856093578
-5.874493343
-5.892657191
-5.907259839
-5.920447431
-5.929576939
-5.932017768
-5.937023108
-5.938860456
-5.938721948
-5.936288506
-5.930676010
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# Profile 4 at 37.5000%

6.677288410
6.569578402
6.459541328
6.347196067
6.232560054
6.115649280
5.996478239
5.875059949
5.751405977
5.625526437
5.497430034
5.367124124
5.234614666
5.099906144
4.963001520
4.823902311
4.682608610
4.539119042
4.385487015
4.240498020
4.094085198
3.946268437
3.797066769
3.646498478
3.494581009
3.341330971
3.186764072
3.030895186
2.873738422
2.715307153
2.555614095
2.394671244
2.232489838
2.069080375
1.904452586
1.738615459
1.562607388
1.397843564
1.232736383
1.067304801
0.901567615
0.735543472
0.569250948
0.402708547

5.508582717
5.636603914
5.762377105
5.885895526
6.007150675
6.126132381
6.242828910
6.357226963
6.469311660
6.579066527
6.686473441
6.791512549
6.894162267
6.994399287
7.092198529
7.187532995
7.280373663
7.370689410
7.463120507
7.546445561
7.626868981
7.704390273
7.779006878
7.850714166
7.919505517
7.985372340
8.048304095
8.108288255
8.165310254
8.219353450
8.270399063
8.318426155
8.363411576
8.405329884
8.444153268
8.479851434
8.514042648
8.542639957
8.568023405
8.590199330
8.609171847
8.624942890
8.637512224
8.646877465

-5.913273509
-5.867679719
-5.822137322
-5.776635042
-5.731161033
-5.685703072
-5.640249076
-5.594787123
-5.549305386
-5.503792202
-5.458235823
-5.412624125
-5.366944770
-5.321185512
-5.275334267
-5.229378742
-5.183305856
-5.137101714
-5.088240413
-5.042666878
-4.997142256
-4.951655006
-4.906193422
-4.860745276
-4.815298318
-4.769840376
-4.724359707
-4.678844769
-4.633283955
-4.587665506
-4.541977217
-4.496206609
-4.450340996
-4.404367512
-4.358273107
-4.312044416
-4.263182246
-4.217609658
-4.172086208
-4.126599949
-4.081139064
-4.035691781
-3.990246095
-3.944789919
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0.235934707

0.068947815
-0.098233773
-0.265591745
-0.433107780
-0.600763513
-0.768540524
-0.936420308
-1.104384241
-1.272413540
-1.449482400
-1.614070322
-1.777879520
-1.940894292
-2.103098252
-2.264474529
-2.425005709
-2.584673720
-2.743459816
-2.901344539
-3.058307603
-3.214327923
-3.369383632
-3.523452046
-3.676509686
-3.828532253
-3.979494488
-4.129370086
-4.286065753
-4.430548289
-4.573224333
-4.714083389
-4.853113632
-4.990301978
-5.125634181
-5.259094673
-5.390666547
-5.520331513
-5.648069786
-5.773860168
-5.897680001
-6.019505135
-6.139309927
-6.257067137
-6.372747830

8.653034085
8.655975408
8.655692589
8.652174587
8.645408129
8.635377656
8.622065270
8.605450660
8.585511022
8.562220965
8.534029812
8.504436551
8.471706350
8.435851671
8.396882862
8.354808147
8.309633649
8.261363436
8.209999531
8.155541915
8.097988557
8.037335383
7.973576237
7.906702836
7.836704702
7.763569079
7.687280903
7.607822734
7.520658510
7.436457888
7.349577081
7.260033186
7.167841526
7.073015639
6.975567239
6.875506329
6.772841224
6.667578575
6.559723451
6.449279248
6.336247680
6.220628746
6.102420642
5.981619756
5.858220647

-3.899311162
-3.853797731
-3.808237696
-3.762619148
-3.716930033
-3.671158146
-3.625291130
-3.579316432
-3.533221212
-3.486992325
-3.438130658
-3.392559262
-3.347036958
-3.301551226
-3.256089720
-3.210640500
-3.165192093
-3.119733065
-3.074251989
-3.028737359
-2.983177171
-2.937559104
-2.891870695
-2.846099329
-2.800232451
-2.754257673
-2.708162359
-2.661933575
-2.613070178
-2.567499635
-2.521978345
-2.476493644
-2.431033037
-2.385584575
-2.340136846
-2.294678479
-2.249198109
-2.203684222
-2.158124706
-2.112507194
-2.066819185
-2.021048062
-1.975181296
-1.929206264
-1.883110064

143



-6.486321301
-6.604160226
-6.711030308
-6.815284801
-6.916919753
-7.015929352
-7.112305935
-7.206040015
-7.297120273
-7.385533692
-7.471265451
-7.554298765
-7.634614980
-7.712193366
-7.787011157
-7.859043540
-7.928263620
-7.994642371
-8.058148452
-8.122178343
-8.178489580
-8.231692880
-8.281791245
-8.328785485
-8.372674278
-8.413454212
-8.451119817
-8.485663514
-8.517075568
-8.545344081
-8.570455054
-8.592392319
-8.611137393
-8.626669459
-8.638965300
-8.647999251
-8.653743093
-8.654307984
-8.655004063
-8.655559000
-8.655887551
-8.656089099
-8.656123667
-8.656203421
-8.656238586

5.732215980
5.596046084
5.467425013
5.336905202
5.204506239
5.070246483
4.934143122
4.796212189
4.656468596
4.514925929
4.371596576
4.226491954
4.079622307
3.930997016
3.780624459
3.628511912
3.474665457
3.319089849
3.161788668
2.993473405
2.836013443
2.677666222
2.518451475
2.358388521
2.197496188
2.035792790
1.873295998
1.710023039
1.545990888
1.381216348
1.215715522
1.049503832
0.882596657
0.715009170
0.546756446
0.377853180
0.208313572
0.183350426
0.146862975
0.109372995
0.079213413
0.052778553
0.046766727
0.028397238
0.014056948

-1.836879500
-1.787802690
-1.742228727
-1.696704057
-1.651216695
-1.605754514
-1.560305246
-1.514856674
-1.469396708
-1.423914010
-1.378397671
-1.332836770
-1.287219962
-1.241534313
-1.195766291
-1.149902187
-1.103928826
-1.057833633
-1.011603777
-0.962527063
-0.916954596
-0.871431881
-0.825946846
-0.780486831
-0.735039174
-0.689591831
-0.644133633
-0.598653389
-0.553138854
-0.507577238
-0.461956756
-0.416266851
-0.370496075
-0.324631484
-0.278658708
-0.232564176
-0.186334421
-0.178671690
-0.165194252
-0.147189915
-0.129057913
-0.109204163
-0.103960655
-0.085371176
-0.066320323
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-8.656247674
-8.656249998
-8.656249931
-8.656249727
-8.656249918
-8.656249494
-8.656247332
-8.656235759
-8.656218720
-8.656169717
-8.656138218
-8.656018713
-8.655837918
-8.655798674
-8.655468337
-8.655023207
-8.654656544
-8.653897767
-8.652985329
-8.651911741
-8.647254676
-8.638014664
-8.625563896
-8.609913417
-8.591072090
-8.569046610
-8.543841526
-8.515459223
-8.483899966
-8.449161970
-8.411241353
-8.370132062
-8.325825850
-8.278312277
-8.227578708
-8.173610211
-8.116389458
-8.055896613
-7.988562672
-7.922672406
-7.853901047
-7.782264223
-7.707775615
-7.630447088
-7.550288653

0.006345362
0.000202967
-0.001093710
-0.002172946
-0.001188875
0.002960823
0.006795771
0.015701924
0.023270703
0.037281311
0.043991101
0.063277937
0.084463016
0.088393278
0.116326833
0.145730379
0.166084843
0.201785782
0.237716137
0.274020613
0.394525829
0.561575225
0.728224926
0.894457944
1.060256763
1.225603632
1.390480510
1.554869216
1.718751124
1.882106817
2.044916369
2.207159562
2.368815734
2.529863614
2.690281150
2.850045645
3.009133801
3.167521718
3.333696222
3.487395304
3.639629432
3.790386211
3.939652159
4.087412543
4.233651534

-0.052384506
-0.035475529
-0.029510422
-0.014382211
-0.005267966
0.008416619
0.015921503
0.027875540
0.035195884
0.045300497
0.049100277
0.057586009
0.063942015
0.064861472
0.069521509
0.071514202
0.071439395
0.068880332
0.063270222
0.054869018
0.022004539
-0.023589124
-0.069129515
-0.114629530
-0.160102610
-0.205561395
-0.251017499
-0.296481167
-0.341963299
-0.387476493
-0.433033366
-0.478645517
-0.524324336
-0.570081956
-0.615931560
-0.661886606
-0.707960249
-0.754165455
-0.803028350
-0.848601190
-0.894124096
-0.939608690
-0.985067000
-1.030512004
-1.075956757
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-7.467308499
-7.381512922
-7.292906217
-7.201490832
-7.107267395
-7.010234799
-6.910390087
-6.807728389
-6.702242844
-6.593924516
-6.482762368
-6.362565576
-6.247996955
-6.131223690
-6.012264744
-5.891137618
-5.767858385
-5.642441763
-5.514901124
-5.385248501
-5.253494599
-5.119648751
-4.983718912
-4.845711718
-4.705632468
-4.563485121
-4.419272377
-4.272995553
-4.124654530
-3.966145779
-3.816771571
-3.666136184
-3.514259542
-3.361160766
-3.206858264
-3.051369791
-2.894712403
-2.736902460
-2.577955636
-2.417886840
-2.256710305
-2.094439642
-1.931087841
-1.766667342
-1.601190103

4.378352184
4.521496548
4.663065835
4.803040065
4.941398004
5.078116987
5.213173017
5.346540774
5.478193582
5.608103382
5.736240594
5.869277925
5.991093232
6.110544994
6.227626892
6.342330930
6.454647451
6.564565105
6.672070867
6.777150038
6.879786229
6.979961370
7.077655676
7.172847552
7.265513549
7.355628295
7.443164362
7.528092259
7.610380350
7.694176481
7.769357685
7.841562953
7.910792877
7.977045967
8.040318659
8.100605314
8.157898269
8.212187832
8.263462277
8.311707844
8.356908679
8.399046770
8.438101908
8.474051603
8.506871006

-1.121414136
-1.166895702
-1.212412375
-1.257975129
-1.303595221
-1.349284908
-1.395056868
-1.440923988
-1.486899263
-1.532995624
-1.579226272
-1.628089156
-1.673663307
-1.719188044
-1.764675356
-1.810137109
-1.855585126
-1.901031485
-1.946488354
-1.991967912
-2.037482320
-2.083043331
-2.128662502
-2.174351521
-2.220122233
-2.265986970
-2.311958927
-2.358051677
-2.404279119
-2.453140044
-2.498712911
-2.544237083
-2.589724297
-2.635186163
-2.680634444
-2.726081241
-2.771538675
-2.817018878
-2.862533929
-2.908095519
-2.953715270
-2.999404948
-3.045176467
-3.091042181
-3.137015153
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-1.434667464
-1.267110171
-1.089480202
-0.923387380
-0.757129487
-0.590725083
-0.424192681
-0.257550780
-0.090817896
0.075987421
0.242846562
0.409740815
0.576651364
0.743559255
0.910445391
1.077290490
1.244075114
1.410779665
1.577384287
1.743868840
1.919873876
2.082569314
2.244313651
2.405091941
2.564888512
2.723686944
2.881470044
3.038219868
3.193917766
3.348544314
3.502079249
3.654501411
3.805788633
3.955917785
4.104864744
4.252604471
4.399110955
4.544357033
4.696637494
4.836226119
4.973862465
5.109536965
5.243238799
5.374955769
5.504674228

8.536532863
8.563007408
8.587415033
8.606858882
8.623074800
8.636070168
8.645850139
8.652417677
8.655773574
8.655916472
8.652842863
8.646547087
8.637021319
8.624255544
8.608237523
8.588952745
8.566384370
8.540513146
8.511317341
8.478772643
8.440660422
8.401997924
8.360246426
8.315419221
8.267527501
8.216580402
8.162585035
8.105546502
8.045467878
7.982350220
7.916192582
7.846992003
7.774743529
7.699440145
7.621072726
7.539629916
7.455098045
7.367461110
7.271331399
7.179246547
7.084585820
6.987366891
6.887605604
6.785316097
6.680510887

-3.183108803
-3.229336867
-3.278199050
-3.323771889
-3.369295981
-3.414783267
-3.460245551
-3.505694558
-3.551142006
-3.596599609
-3.642079079
-3.687592198
-3.733151070
-3.778767984
-3.824455367
-3.870225763
-3.916091632
-3.962065550
-4.008160375
-4.054389268
-4.103465477
-4.149037371
-4.194560087
-4.240045761
-4.285506469
-4.330954273
-4.376401182
-4.421859139
-4.467339807
-4.512854722
-4.558415492
-4.604033908
-4.649722371
-4.695493611
-4.741360540
-4.787335862
-4.833432040
-4.879661820
-4.928737771
-4.974309256
-5.019831982
-5.065318397
-5.110780173
-5.156228801
-5.201675932
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5.632379050
5.758053692
5.881680225
6.003239270
6.122709904
6.240069647
6.355294420
6.468358442
6.579234272
6.687892834
6.794302988
6.796994748
6.808873172
6.819437203
6.829624407
6.837461510
6.844092592
6.848303872
6.850688864
6.850814937
6.848699832
6.844727846
6.838338168
6.830693396
6.820613592
6.810109773
6.806278791
6.794644304
6.782315606
6.777426837
6.765752314
6.753379236

6.573200918
6.463395527
6.351102407
6.236327632
6.119075706
5.999349537
5.877150407
5.752477998
5.625330253
5.495703186
5.363591238
5.360179704
5.345082805
5.331598288
5.318542519
5.308463446
5.299911382
5.294468636
5.291382253
5.291219025
5.293956429
5.299090939
5.307334092
5.317169529
5.330093272
5.343507177
5.348386026
5.363158849
5.378741403
5.384900142
5.399561065
5.415028436

# Profile 5at 50.0000%

-11.122851788
-11.123320940
-11.123905215
-11.124378371
-11.124664063
-11.124843932
-11.124875528
-11.124950387
-11.124985728
-11.124996091
-11.124999777

0.218616322
0.193277685
0.156069733
0.117604685
0.086455132
0.058927741
0.052625916
0.033224780
0.017820135
0.009325461
0.002227768

-5.247133557
-5.292613682
-5.338128081
-5.383688466
-5.429306779
-5.474995257
-5.520766384
-5.566632988
-5.612607897
-5.658703242
-5.704932406
-5.706363495
-5.713954048
-5.724470062
-5.738900625
-5.754533677
-5.773597815
-5.792592501
-5.814162332
-5.834363107
-5.856008561
-5.875137254
-5.894418369
-5.910319518
-5.925187498
-5.936040057
-5.939104090
-5.945986351
-5.949789932
-5.950425235
-5.949825765
-5.946136486

-0.174139492
-0.167920478
-0.156547185
-0.140710463
-0.124328308
-0.106014796
-0.101122690
-0.083611832
-0.065410447
-0.051937400
-0.035406566
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-11.124999984
-11.124999918
-11.124999965
-11.124999725
-11.124998449
-11.124991085
-11.124979756
-11.124946089
-11.124924035
-11.124838831
-11.124707509
-11.124678735
-11.124434489
-11.124101147
-11.123824531
-11.123246457
-11.122544616
-11.121711882
-11.120133791
-11.112903897
-11.102456453
-11.088804005
-11.071957262
-11.051925141
-11.028714802
-11.002331675
-10.972779434
-10.940060026
-10.904173728
-10.865119155
-10.822893224
-10.777491102
-10.728906216
-10.677130240
-10.622153100
-10.563962914
-10.502545942
-10.437886500
-10.369966921
-10.298767491
-10.224266367
-10.208923768
-10.132017377
-10.052259142

0.000592696
-0.001348442
-0.000886347

0.002475244

0.005875311

0.014084357

0.021223260

0.034634165

0.041112206

0.059883159

0.080671241

0.084546130

0.112170833

0.141416622

0.161718312

0.197517752

0.233722622

0.270462230

0.329012880

0.518644373

0.707874076

0.896688758

1.085074830

1.273018338

1.460504986

1.647520168

1.834049206

2.020077136

2.205588427

2.390567035

2.574996557

2.758860370

2.942141465

3.124822370

3.306885018

3.488310844

3.669080776

3.849175290

4.028574321

4.207257202

4.385202647

4.420803150

4594327901

4.766310012

-0.969664632 4.936741043

-0.029525310
-0.014483376
-0.005328168
0.008570968
0.016282282
0.028725259
0.036466182
0.047354074
0.051528318
0.061101790
0.068657304
0.069800681
0.076048136
0.079716281
0.080802782
0.080287572
0.076738428
0.070422763
0.058002746
0.017763053

-0.022422775

-0.062563193

-0.102667093

-0.142743734

-0.182802525

-0.222852237

-0.262899852

-0.302952206

-0.343017817

-0.383106001

-0.423225657

-0.463384615

-0.503590598

-0.543851814

-0.584177406

-0.624576756

-0.665059252

-0.705633906

-0.746309789

-0.787096177

-0.828002441

-0.836222440

-0.876468826

-0.916665906

-0.956822135
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-9.884247870
-9.796021348
-9.704996035
-9.611181431
-9.514585468
-0.415214544
-9.313073595
-9.208166100
-0.100494141
-8.990058371
-8.876857966
-8.760890597
-8.642152395
-8.520637898
-8.396340051
-8.269250158
-8.139357833
-8.112883573
-7.981834473
-7.848623124
-7.713267063
-7.575782643
-7.436185065
-7.294488429
-7.150705739
-7.004848921
-6.856928832
-6.706955270
-6.554936942
-6.400881508
-6.244795588
-6.086684751
-5.926553518
-5.764405391
-5.600242801
-5.434067074
-5.265878412
-5.095675845
-5.061190025
-4.891435057
-4.720462159
-4.548288732
-4.374931535
-4.200406742
-4.024729968

5.105611525
5.272911032
5.438628225
5.602750798
5.765265682
5.926158966
6.085415779
6.243020269
6.398955492
6.553203452
6.705745123
6.856560431
7.005628236
7.152926311
7.298431252
7.442118436
7.583961964
7.612275950
7.749576985
7.884461939
8.016928104
8.146971360
8.274586194
8.399765685
8.522501536
8.642784077
8.760602262
8.875943668
8.988794507
9.099139570
9.206962206
9.312244291
9.414966192
9.515106699
9.612643007
9.707550671
9.799803547
9.889373725
9.907067201
9.991971181
10.073870259
10.152767830
10.228665556
10.301563386
10.371459574

-0.996946756
-1.037049160
-1.077138677
-1.117224304
-1.157313920
-1.197415129
-1.237535545
-1.277682866
-1.317865440
-1.358092026
-1.398371476
-1.438712739
-1.479124723
-1.519616229
-1.560196209
-1.600873796
-1.641658313
-1.649877993
-1.690126157
-1.730325825
-1.770485543
-1.810613748
-1.850718880
-1.890809541
-1.930894338
-1.970981858
-2.011080665
-2.051199147
-2.091345400
-2.131527545
-2.171753766
-2.212032320
-2.252371737
-2.292781030
-2.333269417
-2.373846281
-2.414521183
-2.455303713
-2.463522412
-2.503769314
-2.543968238
-2.584127628
-2.624255821
-2.664361187
-2.704452279
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-3.847916254
-3.669980107
-3.490935488
-3.310795810
-3.129573921
-2.947282159
-2.763932372
-2.579535915
-2.394103692
-2.207646174
-2.020173349
-1.831694722
-1.642219310
-1.451755639
-1.413314558
-1.224849894
-1.036255056
-0.847545289
-0.658735822
-0.469841882
-0.280878715
-0.091861594
0.097194147
0.286273131
0.475359917
0.664438967
0.853494633
1.042511157
1.231472657
1.420363108
1.609166355
1.797866071
1.986445730
2.174888595
2.363177693
2.401704100
2.586674902
2.770672743
2.953686327
3.135703751
3.316712492
3.496699405
3.675650707
3.853552000
4.030388283

10.438350708
10.502231716
10.563095873
10.620934804
10.675738479
10.727495182
10.776191481
10.821812208
10.864340409
10.903757305
10.940042259
10.973172716
11.003124135
11.029869925
11.034861438
11.057367125
11.076633083
11.092668389
11.105480274
11.115074161
11.121453689
11.124620733
11.124575421
11.121316140
11.114839538
11.105140515
11.092212219
11.076046022
11.056631499
11.033956391
11.008006570
10.978765987
10.946216623
10.910338427
10.871109244
10.862662768
10.820108038
10.774460430
10.725733638
10.673939619
10.619088626
10.561189245
10.500248420
10.436271460
10.369262042

-2.744537641
-2.784625796
-2.824725249
-2.864844394
-2.904991370
-2.945174326
-2.985401479
-3.025681118
-3.066021677
-3.106432030
-3.146921305
-3.187498804
-3.228174008
-3.268956554
-3.277176058
-3.317422821
-3.357621613
-3.397780997
-3.437909426
-3.478015262
-3.518106820
-3.558192394
-3.598280255
-3.638378659
-3.678495893
-3.718640412
-3.758820776
-3.799045610
-3.839323620
-3.879663538
-3.920074043
-3.960563939
-4.001142190
-4.041817937
-4.082600545
-4.090963691
-4.131209809
-4.171407666
-4.211565923
-4.251693144
-4.291797885
-4.331888675
-4.371973999
-4.412062302
-4.452161835
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4.206143928
4.380802637
4554347423
4.726760564
4.898023549
5.068117110
5.237021199
5.404715001
5.571176932
5.736384520
5.900314359
5.933714431
6.093396080
6.251116162
6.406868639
6.560646305
6.712440889
6.862242977
7.010041999
7.155826198
7.299582662
7.441297333
7.580955008
7.718539294
7.854032553
7.987415891
8.118669142
8.247770801
8.374698024
8.499426619
8.621931008
8.742183918
8.744912272
8.757022822
8.767930030
8.778602905
8.786974896
8.794264050
8.799134333
8.802270211
8.803101751
8.801745848
8.798449367
8.792747726
8.785680114

10.299222216
10.226152417
10.150051455
10.070916521
9.988743180
9.903525330
9.815255166
9.723923116
9.629517776
9.532025894
9.431432313
9.410454721
9.307854168
9.202671989
9.094924917
8.984628265
8.871795890
8.756440277
8.638572578
8.518202652
8.395339062
8.269989057
8.142158569
8.011852231
7.879073400
7.743824144
7.606105203
7.465916006
7.323254605
7.178117591
7.030500031
6.880395726
6.876927682
6.861499565
6.847556352
6.833868307
6.823100261
6.813702725
6.807412136
6.803356829
6.802280835
6.804035202
6.808297419
6.815659353
6.824767391

-4.492280701
-4.532427030
-4.572608994
-4.612834984
-4.653113796
-4.693454372
-4.733865774
-4.774356954
-4.814936590
-4.855613495
-4.896396701
-4.904759837
-4.945005721
-4.985203295
-5.025361647
-5.065489524
-5.105595176
-5.145686746
-5.185772392
-5.225860511
-5.265959554
-5.306077916
-5.346223804
-5.386405443
-5.426631261
-5.466909930
-5.507250240
-5.547661176
-5.588151827
-5.628731017
-5.669407186
-5.710190156
-5.711368829
-5.717850231
-5.727370436
-5.740831403
-5.755709599
-5.774124443
-5.792694990
-5.814006898
-5.834162903
-5.855970935
-5.875439226
-5.895285350
-5.911872098
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8.776153807
8.766071766
8.762364452
8.751027084
8.738898666
8.734060337
8.722437215
8.710017540
8.673457246
8.553360103
8.430938221
8.306209629
8.179190974
8.049897736
7.918344200
7.784543450
7.648507389
7.510246777
7.369771198
7.227089090
7.082207775
6.935133484
6.785871326
6.634425255
6.480798041
6.324991295
6.167005471
6.006839858
5.844492532
5.679960344
5.513238738
5.479541182
5.313565807
5.146245293
4977597157
4.807638259
4.636384791
4.463852285
4.290055631
4.115009048
3.938726136
3.761219904
3.582502773
3.402586613
3.221482750

6.837013189
6.849935094
6.854676812
6.869144778
6.884567895
6.890704974
6.905411938
6.921070687
6.966833169
7.113765244
7.258436864
7.400844992
7.540985347
7.678852221
7.814438567
7.947736047
8.078735033
8.207424587
8.333792503
8.457825269
8.579508029
8.698824550
8.815757219
8.930287035
9.042393585
9.152054967
9.259247729
9.363946813
9.466125503
9.565755354
9.662806198
9.681955042
9.774029027
9.863152862
9.949329200
10.032558964
10.112841394
10.190174080
10.264552971
10.335972404
10.404425089
10.469902093
10.532392837
10.591885070
10.648364846

-5.927652777
-5.939460648
-5.942874377
-5.950819186
-5.955751058
-5.956834321
-5.957305647
-5.954752887
-5.942332996
-5.902093632
-5.861907290
-5.821765207
-5.781659482
-5.741581718
-5.701523262
-5.661475540
-5.621430090
-5.581378498
-5.541312551
-5.501224119
-5.461104967
-5.420946610
-5.380740462
-5.340477971
-5.300150733
-5.259750248
-5.219267767
-5.178693895
-5.138018923
-5.097232963
-5.056326327
-5.048107753
-5.007859963
-4.967660650
-4.927501464
-4.887373675
-4.847268506
-4.807177246
-4.767091330
-4.727002570
-4.686902873
-4.646784139
-4.606638229
-4.566456753
-4.526231127
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3.039201945
2.855754399
2.671149751
2.485397063
2.298504836
2.110481001
1.921332907
1.883141044
1.695809043
1.508208634
1.320355445
1.132265006
0.943952772
0.755434156
0.566724526
0.377839219
0.188793546
-0.000397192
-0.189717699
-0.379152662
-0.568686737
-0.758304536
-0.947990608
-1.137729426
-1.327505365
-1.517302689
-1.707105510
-1.896897816
-1.935083327
-2.121705270
-2.307487252
-2.492417365
-2.676483169
-2.859671723
-3.041969590
-3.223362782
-3.403836746
-3.583376365
-3.761965916
-3.939589027
-4.116228703
-4.291867313
-4.466486573
-4.640067537
-4.812590595

10.701816507
10.752222645
10.799564066
10.843819735
10.884966721
10.922980131
10.957833037
10.964460990
10.994992346
11.022292489
11.046369834
11.067230952
11.084880611
11.099321792
11.110555716
11.118581858
11.123397952
11.124999993
11.123382228
11.118537146
11.110455454
11.099126057
11.084536021
11.066670536
11.045512867
11.021044304
10.993244097
10.962089385
10.955413161
10.920805453
10.883066093
10.842208293
10.798243507
10.751181453
10.701030138
10.647795893
10.591483390
10.532095652
10.469634065
10.404098389
10.335486745
10.263795593
10.189019712
10.111152172
10.030184284

-4.485952685
-4.445612666
-4.405202246
-4.364712529
-4.324134452
-4.283458772
-4.242676062
-4.234456797
-4.194210286
-4.154012080
-4.113853611
-4.073726422
-4.033622086
-3.993532071
-3.953447854
-3.913360935
-3.873262837
-3.833145163
-3.792999620
-3.752817871
-3.712591516
-3.672312081
-3.631971027
-3.591559706
-3.551069320
-3.510490913
-3.469815362
-3.429033253
-3.420813715
-3.380567988
-3.340370343
-3.300211886
-3.260083841
-3.219977695
-3.179885277
-3.139798471
-3.099709188
-3.059609359
-3.019490825
-2.979345114
-2.939163644
-2.898937763
-2.858658749
-2.818317854
-2.777906480
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-4.984035411
-5.154380873
-5.323605057
-5.491685156
-5.525369801
-5.689298577
-5.851378013
-6.011601377
-6.169960803
-6.326447375
-6.481051153
-6.633761118
-6.784565164
-6.933450087
-7.080401567
-7.225404112
-7.368441083
-7.509494683
-7.648545934
-7.785574654
-7.920559445
-8.053477612
-8.184305117
-8.313016526
-8.439584951
-8.465227260
-8.587143659
-8.706419118
-8.823052889
-8.937042689
-9.048384701
-9.157073603
-9.263102585
-9.366463331
-9.467146103
-9.565139720
-9.660431452
-9.753007037
-9.842850660
-9.929944849

-10.014270520
-10.095806944
-10.174531713
-10.250420721
-10.323448050

9.946105570
9.858903733
9.768564592
9.675072049
9.655874562
9.560204323
9.461870869
9.360890657
9.257278687
9.151048498
9.042212172
8.930780393
8.816762475
8.700166372
8.580998698
8.459264768
8.334968566
8.208112731
8.078698540
7.946725886
7.812193231
7.675097612
7.535434609
7.393198309
7.248381258
7.218417585
7.072947673
6.925596808
6.776382717
6.625322104
6.472430711
6.317723327
6.161213801
6.002915098
5.842839179
5.680997019
5.517398768
5.352053694
5.184970192
5.016155929
4.845617707
4.673361440
4.499392117
4.323713686
4146329143

-2.737415947
-2.696837417
-2.656161876
-2.615380076
-2.607159299
-2.566914293
-2.526717597
-2.486560232
-2.446433339
-2.406328252
-2.366236760
-2.326150777
-2.286062240
-2.245963104
-2.205845253
-2.165700196
-2.125519292
-2.085293831
-2.045015030
-2.004674098
-1.964262354
-1.923771014
-1.883191131
-1.842513590
-1.801729084
-1.793366272
-1.753118209
-1.712918550
-1.672758748
-1.632630308
-1.592524534
-1.552432705
-1.512346143
-1.472256246
-1.432154920
-1.392034537
-1.351887473
-1.311706069
-1.271482061
-1.231206100
-1.190868620
-1.150459939
-1.109970692
-1.069392167
-1.028715559
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-10.393585886
-10.407585495
-10.473124068
-10.535541206
-10.594842203
-10.651030558
-10.704107992
-10.754074490
-10.800928321
-10.844666078
-10.885282654
-10.922771220
-10.957123194
-10.988328250
-11.016374362
-11.041247752
-11.062932785
-11.081411945
-11.096665811
-11.108673012
-11.117410167

3.967240531
3.930367560
3.752238967
3.573233339
3.393367605
3.212658253
3.031121425
2.848772868
2.665627955
2.481701564
2.297008170
2.111561952
1.925376926
1.738466929
1.550845227
1.362524522
1.173517444
0.983836527
0.793494092
0.602502201
0.410872447

# Profile 6 at 99.5000%

16.428036208
16.265884283
16.101237807
15.934104169
15.764490007
15.592401192
15.417842883
15.240819496
15.193866077
15.014037596
14.832052235
14.647922545
14.461660428
14273277141
14.082783306
13.890188923
13.695503377
13.498735447
13.299893281
13.098984429
12.896015851
12.690993919

12.922148158
13.125673131
13.327131264
13.526515108
13.723816578
13.919026967
14.112136886
14.303136290
14.353003876
14.541009653
14.726592041
14.909750225
15.090482574
15.268786668
15.444659304
15.618096502
15.789093511
15.957644813
16.123744148
16.287384491
16.448558047
16.607256245

-0.987931868
-0.979568603
-0.939321758
-0.899123526
-0.858965445
-0.818838903
-0.778734877
-0.738644357
-0.698558623
-0.658469858
-0.618370464
-0.578252484
-0.538106774
-0.497923982
-0.457695882
-0.417415520
-0.377075293
-0.336665758
-0.296176993
-0.255599123
-0.214923244

-5.964413481
-5.935043264
-5.905678550
-5.876315446
-5.846950439
-5.817580070
-5.788200379
-5.758807747
-5.751077064
-5.721713277
-5.692377245
-5.663065541
-5.633774538
-5.604500627
-5.575240167
-5.545989497
-5.516744974
-5.487503105
-5.458260845
-5.429015242
-5.399763346
-5.370502087
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12.483924449
12.274812682
12.063663276
11.850480300
11.635267227
11.418026916
11.198761631
10.977473031
10.754162162
10.528829457
10.301474727
10.072097136
9.840695195
9.607266742
9.546385491
9.314209611
9.080807082
8.846190025
8.610370200
8.373359023
8.135167564
7.895806557
7.655286411
7.413617220
7.170808766
6.926870526
6.681811682
6.435641129
6.188367464
5.939998995
5.690543739
5.440009431
5.188403520
4.935733166
4.682005241
4.427226336
4171402755
3.914540516
3.656645345
3.397722680
3.137777662
2.876815132
2.808957947
2.550943094
2.292771861

16.763469718
16.917188308
17.068401068
17.217096251
17.363261307
17.506882875
17.647946752
17.786437881
17.922340328
18.055637261
18.186310926
18.314342629
18.439712707
18.562400502
18.593784195
18.711167413
18.825547253
18.936927119
19.045309440
19.150695687
19.253086385
19.352481119
19.448878544
19.542276386
19.632671450
19.720059619
19.804435849
19.885794173
19.964127699
20.039428599
20.111688109
20.180896512
20.247043131
20.310116316
20.370103426
20.426990812
20.480763797
20.531406654
20.578902582
20.623233675
20.664380900
20.702324056
20.711640251
20.744998818
20.775116939

-5.341227927
-5.311937204
-5.282626238
-5.253291348
-5.223929085
-5.194536193
-5.165109390
-5.135645359
-5.106140736
-5.076591976
-5.046995414
-5.017347326
-4.987643927
-4.957881372
-4.950151005
-4.920788524
-4.891453154
-4.862141364
-4.832849655
-4.803574562
-4.774312693
-4.745060745
-4.715815434
-4.686573486
-4.657331639
-4.628086635
-4.598835164
-4.569573842
-4.540299270
-4.511008037
-4.481696718
-4.452361874
-4.423000079
-4.393607921
-4.364181957
-4.334718708
-4.305214653
-4.275666231
-4.246069832
-4.216421767
-4.186718274
-4.156955526
-4.149225155
-4.119862392
-4.090526720
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2.034454538

1.776001401

1.517422715

1.258728744

0.999929752

0.741036012

0.482057803

0.223005418
-0.036110827
-0.295280594
-0.554493514
-0.813739188
-1.073007178
-1.332287007
-1.591568146
-1.850840022
-2.110092007
-2.369313411
-2.628493474
-2.887621365
-3.146686175
-3.405676907
-3.664582468
-3.923391670
-4.182093220
-4.249179455
-4.503574736
-4.757038274
-5.009562779
-5.261140630
-5.511763872
-5.761424221
-6.010113058
-6.257821432
-6.504540055
-6.750259303
-6.994969211
-7.238659465
-7.481319404
-7.722938010
-7.963503906
-8.203005348
-8.441430218
-8.678766019
-8.914999863

20.802001860
20.825659790
20.846095916
20.863314420
20.877318485
20.888110309
20.895691109
20.900061130
20.901219645
20.899164960
20.893894409
20.885404358
20.873690192
20.858746318
20.840566151
20.819142102
20.794465571
20.766526927
20.735315496
20.700819537
20.663026225
20.621921624
20.577490663
20.529717106
20.478583519
20.464768765
20.410294002
20.352711699
20.292032116
20.228264531
20.161417253
20.091497644
20.018512124
19.942466186
19.863364401
19.781210428
19.696007016
19.607756011
19.516458352
19.422114075
19.324722306
19.224281259
19.120788229
19.014239586
18.904630758

-4.061214656
-4.031922773
-4.002647676
-3.973385992
-3.944134365
-3.914889461
-3.885647957
-3.856406540
-3.827161862
-3.797910557
-3.768649256
-3.739374579
-3.710083136
-3.680771530
-3.651436361
-3.622074254
-3.592681809
-3.563255593
-3.533792134
-3.504287924
-3.474739415
-3.445143002
-3.415494986
-3.385791593
-3.356028980
-3.348298631
-3.318936027
-3.289600514
-3.260288592
-3.230996816
-3.201721786
-3.172460126
-3.143208476
-3.113963493
-3.084721846
-3.055480223
-3.026235309
-2.996983766
-2.967722243
-2.938447380
-2.909155803
-2.879844126
-2.850508950
-2.821146864
-2.791754463
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-9.150118463
-0.384108116
-9.616954701
-9.848643655
-10.079159972
-10.308488177
-10.536612310
-10.763515919
-10.822172365
-11.043902779
-11.263719710
-11.481619699
-11.697598647
-11.911651823
-12.123773864
-12.333958783
-12.542199969
-12.748490187
-12.952821580
-13.155185669
-13.355573346
-13.553974871
-13.750379871
-13.944777327
-14.137155574
-14.327502286
-14.515804469
-14.702048447
-14.886219849
-15.068303598
-15.248283886
-15.426144167
-15.601867129
-15.775434679
-15.946827913
-16.116027095
-16.159786351
-16.323532338
-16.484601561
-16.642994792
-16.798711924
-16.951751989
-17.102113160
-17.249792761
-17.394787276

18.791956225
18.676209506
18.557383138
18.435468662
18.310456600
18.182336433
18.051096578
17.916724358
17.881355428
17.745266920
17.606558578
17.465242504
17.321329987
17.174831513
17.025756780
16.874114714
16.719913474
16.563160465
16.403862342
16.242025017
16.077653661
15.910752711
15.741325867
15.569376093
15.394905615
15.217915918
15.038407737
14.856381057
14.671835101
14.484768322
14.295178389
14.103062178
13.908415752
13.711234347
13.511512357
13.309243304
13.256077539
13.053910474
12.849910429
12.644089964
12.436461085
12.227035256
12.015823406
11.802835945
11.588082769

-2.762328306
-2.732864917
-2.703360777
-2.673812324
-2.644215952
-2.614567999
-2.584864700
-2.555102210
-2.547371791
-2.518009337
-2.488673986
-2.459362228
-2.430070590
-2.400795649
-2.371534031
-2.342282376
-2.313037340
-2.283795592
-2.254553810
-2.225308685
-2.196056905
-2.166795145
-2.137520067
-2.108228319
-2.078916535
-2.049581335
-2.020219319
-1.990827060
-1.961401093
-1.931937913
-1.902433972
-1.872885682
-1.843289406
-1.813641458
-1.783938082
-1.754175450
-1.746403957
-1.717041350
-1.687705823
-1.658393889
-1.629102100
-1.599827051
-1.570565359
-1.541313659
-1.512068603

159



-17.537092349
-17.676702786
-17.813612560
-17.947814804
-18.079301811
-18.208065032
-18.334095065
-18.457381650
-18.577913657
-18.695679078
-18.810665009
-18.922857640
-19.032242236
-19.138803118
-19.242523641
-19.343386174
-19.441372068
-19.536461632
-19.628634100
-19.652187912
-19.739252364
-19.823182395
-19.903982914
-19.981657821
-20.056210019
-20.127641424
-20.195952981
-20.261144667
-20.323215502
-20.382163553
-20.437985931
-20.490678798
-20.540237361
-20.586655871
-20.629927618
-20.670044919
-20.706999115
-20.740780552
-20.771378571
-20.798781508
-20.822976662
-20.843950271
-20.861687493
-20.876172378
-20.887387854

11.371573268
11.153316334
10.933320365
10.711593271
10.488142479
10.262974931
10.036097089
9.807514938
9.577233984
9.345259251
9.111595281
8.876246131
8.639215364
8.400506048
8.160120744
7.918061503
7.674329857
7.428926811
7.181852827
7.117148089
6.871986812
6.625988711
6.379165369
6.131528142
5.883088162
5.633856348
5.383843409
5.133059852
4.881515983
4.629221917
4.376187580
4.122422717
3.867936893
3.612739499
3.356839755
3.100246711
2.842969273
2.585016201
2.326396117
2.067117424
1.807188313
1.546616868
1.285411064
1.023578759
0.761127625

-1.482826862
-1.453585116
-1.424340049
-1.395088342
-1.365826666
-1.336551691
-1.307260077
-1.277948468
-1.248613460
-1.219251616
-1.189859471
-1.160433532
-1.130970274
-1.101466155
-1.071917608
-1.042321016
-1.012672709
-0.982968962
-0.953205987
-0.945434413
-0.916071597
-0.886735971
-0.857424078
-0.828132492
-0.798857767
-0.769596459
-0.740345143
-0.711100419
-0.681858921
-0.652617327
-0.623372322
-0.594120600
-0.564858875
-0.535583897
-0.506292408
-0.476981121
-0.447646466
-0.418284689
-0.388892043
-0.359465255
-0.330001497
-0.300497784
-0.270950199
-0.241354551
-0.211706992
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-20.895315688
-20.899936454
-20.900209749
-20.900555682
-20.900842557
-20.901020855
-20.901137338
-20.901158478
-20.901210359
-20.901237006
-20.901245953
-20.901250080
-20.901250556
-20.901250839
-20.901250836
-20.901250775
-20.901250402
-20.901247813
-20.901243424
-20.901229447
-20.901219929
-20.901181840
-20.901121013
-20.901107471
-20.900990548
-20.900827233
-20.900689765
-20.900397750
-20.900037255
-20.899603336
-20.899105176
-20.893756944
-20.885171727
-20.873350877
-20.858294763
-20.840002766
-20.818473289
-20.793703745
-20.786652722
-20.757836899
-20.725836064
-20.690659696
-20.652316267
-20.610813257
-20.566157164

0.498065220
0.234398981
0.208612280
0.170466481
0.130640963
0.098050384
0.068881312
0.062136345
0.041135873
0.024046988
0.014292106
0.005632825
0.003438080
0.000054930
-0.000368326
0.001636647
0.004276776
0.011247013
0.017605866
0.029903750
0.035946352
0.053706064
0.073668515
0.077415266
0.104310804
0.133070007
0.153147000
0.188839950
0.225231850
0.262425312
0.299482009
0.559649359
0.819688090
1.079587789
1.339337986
1.598928186
1.858347802
2.117586179
2.185716185
2.444277790
2.702222437
2.959541856
3.216227519
3.472270659
3.727662293

-0.182003238
-0.152238901
-0.148499001
-0.140768411
-0.128714532
-0.115412240
-0.099838218
-0.095576494
-0.080018434
-0.063387670
-0.050796692
-0.035027536
-0.029331551
-0.014547015
-0.005390391
0.008768149
0.016771153
0.029947953
0.038341507
0.050472182
0.055249947
0.066589771
0.076115592
0.077627526
0.086511257
0.092983875
0.096020292
0.098963251
0.098924577
0.096182388
0.091999455
0.062628520
0.033263679
0.003900822
-0.025463831
-0.054833853
-0.084213190
-0.113605473
-0.121336079
-0.150699547
-0.180035329
-0.209346968
-0.238638251
-0.267912923
-0.297174447
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-20.518353515
-20.467406882
-20.413320886
-20.356098207
-20.295740586
-20.232248829
-20.165622807
-20.095861454
-20.022962767
-19.946923798
-19.867740646
-19.785408450
-19.699921378
-19.611272611
-19.519454334
-19.424457711
-19.326272875
-19.224888896
-19.120293765
-19.012474362
-18.901416430
-18.872077770
-18.758795862
-18.642716242
-18.523850609
-18.402209782
-18.277803725
-18.150641554
-18.020731553
-17.888081180
-17.752697083
-17.614585099
-17.473750264
-17.330196816
-17.183928196
-17.034947050
-16.883255228
-16.728853780
-16.571742951
-16.411922179
-16.249390085
-16.084144460
-15.916182262
-15.745499595
-15.572091698

3.982393210
4.236453962
4.489834858
4.742525956
4.994517066
5.245797744
5.496357290
5.746184739
5.995268856
6.243598133
6.491160781
6.737944725
6.983937597
7.229126726
7.473499125
7.717041484
7.959740160
8.201581164
8.442550148
8.682632393
8.921812798
8.983705655
9.217909984
9.450471827
9.681386537
9.910648908
10.138253185
10.364193062
10.588461690
10.811051675
11.031955082
11.251163426
11.468667680
11.684458266
11.898525052
12.110857346
12.321443890
12.530272856
12.737331832
12.942607814
13.146087195
13.347755753
13.547598638
13.745600356
13.941744754

-0.326426098
-0.355671139
-0.384912838
-0.414154493
-0.443399414
-0.472650916
-0.501912326
-0.531187018
-0.560478390
-0.589789861
-0.619124865
-0.648486818
-0.677879130
-0.707305247
-0.736768651
-0.766272862
-0.795821443
-0.825418002
-0.855066210
-0.884769798
-0.914532560
-0.922262995
-0.951625654
-0.980961148
-1.010272986
-1.039564645
-1.068839571
-1.098101165
-1.127352787
-1.156597782
-1.185839488
-1.215081232
-1.244326335
-1.273578111
-1.302839875
-1.332114958
-1.361406701
-1.390718461
-1.420053614
-1.449415558
-1.478807731
-1.508233610
-1.537696712
-1.567200592
-1.596748851
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-15.395952929
-15.217076742
-15.035455669
-14.851081297
-14.802804647
-14.617990489
-14.431085347
-14.242101798
-14.051051777
-13.857946592
-13.662796940
-13.465612911
-13.266404002
-13.065179124
-12.861946607
-12.656714204
-12.449489101
-12.240277918
-12.029086710
-11.815920970
-11.600785630
-11.383685055
-11.164623045
-10.943602832
-10.720627072
-10.495697843
-10.268816632
-10.039984333
-9.809201232
-9.576466994
-9.341780653
-9.105140597
-9.043438325
-8.808192865
-8.571801880
-8.334277390
-8.095631079
-7.855874317
-7.615018156
-7.373073345
-7.130050334
-6.885959282
-6.640810061
-6.394612262
-6.147375197

14.136014999
14.328393562
14.518862196
14.707401911
14.755990689
14.939097721
15.119724281
15.297869885
15.473533230
15.646712207
15.817403909
15.985604636
16.151309900
16.314514430
16.475212173
16.633396292
16.789059169
16.942192395
17.092786770
17.240832296
17.386318167
17.529232762
17.669563631
17.807297485
17.942420177
18.074916692
18.204771122
18.331966650
18.456485522
18.578309034
18.697417492
18.813790191
18.843527003
18.954630704
19.062699158
19.167736096
19.269744266
19.368725445
19.464680453
19.557609161
19.647510501
19.734382468
19.818222130
19.899025621
19.976788151

-1.626345130
-1.655993115
-1.685696556
-1.715459270
-1.723189729
-1.752552466
-1.781888114
-1.811200149
-1.840492008
-1.869767102
-1.899028821
-1.928280539
-1.957525612
-1.986767380
-2.016009169
-2.045254287
-2.074506046
-2.103767765
-2.133042772
-2.162334407
-2.191646019
-2.220980981
-2.250342714
-2.279734680
-2.309160378
-2.338623344
-2.368127152
-2.397675422
-2.427271800
-2.456919950
-2.486623591
-2.516386514
-2.524116979
-2.553479894
-2.582815663
-2.612127738
-2.641419544
-2.670694508
-2.699956040
-2.729207533
-2.758452366
-2.787693902
-2.816935494
-2.846180471
-2.875432143
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-5.899107907
-5.649819168
-5.399517487
-5.148211112
-4.895908030
-4.642615966
-4.388342394
-4.133094529
-3.876879329
-3.619703495
-3.361573469
-3.102495432
-2.842475303
-2.581518729
-2.319631086
-2.251546681
-1.992728802
-1.733841648
-1.474895308
-1.215899887
-0.956865507
-0.697802321
-0.438720507
-0.179630274
0.079458129
0.338534416
0.597588255
0.856609268
1.115587023
1.374511032
1.633370741
1.892155528
2.150854698
2.409457478
2.667953008
2.926330340
3.184578428
3.442686123
3.700642170
3.958435199
4.216053721
4.473486118
4.730720638
4.797766827
5.050605464

20.051503997
20.123166501
20.191768064
20.257300141
20.319753227
20.379116851
20.435379558
20.488528894
20.538551393
20.585432550
20.629156804
20.669707515
20.707066929
20.741216158
20.772135140
20.779625218
20.806040435
20.829212174
20.849147956
20.865854263
20.879336557
20.889599292
20.896645926
20.900478933
20.901099805
20.898509064
20.892706261
20.883689981
20.871457837
20.856006475
20.837331563
20.815427791
20.790288856
20.761907458
20.730275285
20.695382997
20.657220212
20.615775486
20.571036293
20.522988998
20.471618834
20.416909869
20.358844979
20.343149218
20.281855711

-2.904693824
-2.933968839
-2.963260529
-2.992572244
-3.021907353
-3.051269248
-3.080661372
-3.110087212
-3.139550296
-3.169054195
-3.198602523
-3.228198941
-3.257847149
-3.287550862
-3.317313857
-3.325044454
-3.354407425
-3.383743231
-3.413055318
-3.442347097
-3.471621967
-3.500883343
-3.530134635
-3.559379237
-3.588620531
-3.617861891
-3.647106679
-3.676358229
-3.705619850
-3.734894857
-3.764186584
-3.793498379
-3.822833606
-3.852195649
-3.881587931
-3.911013924
-3.940477141
-3.969981137
-3.999529512
-4.029125914
-4.058774030
-4.088477583
-4.118240362
-4.126011948
-4.155374609
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5.302429194
5.553231009
5.803003539
6.051739054
6.299429463
6.546066321
6.791640821
7.036143799
7.279565719
7.521896699
7.763126487
8.003244459
8.242239611
8.480100555
8.716815508
8.952372279
9.186758272
9.419960476
9.651965451
9.882759322
10.112327764
10.340655988
10.567728728
10.793530229
11.018044228
11.241253942
11.299244512
11.517233766
11.733239793
11.947259472
12.159289018
12.369323976
12.577359229
12.783389016
12.987406932
13.189405936
13.389378372
13.587315941
13.783209696
13.977050030
14.168826659
14.358528632
14.546144330
14.731661461
14.915067046

20.217480834
20.150035037
20.079527798
20.005967636
19.929362134
19.849717942
19.767040790
19.681335501
19.592605993
19.500855281
19.406085484
19.308297822
19.207492622
19.103669313
18.996826420
18.886961567
18.774071457
18.658151872
18.539197652
18.417202688
18.292159901
18.164061231
18.032897609
17.898658940
17.761334073
17.620910772
17.583781166
17.441777806
17.297207017
17.150080984
17.000411090
16.848207947
16.693481407
16.536240561
16.376493759
16.214248601
16.049511938
15.882289890
15.712587856
15.540410519
15.365761867
15.188645172
15.009062988
14.827017139
14.642508721

-4.184710078
-4.214021810
-4.243313236
-4.272587811
-4.301848984
-4.331100188
-4.360344838
-4.389586335
-4.418828053
-4.448073275
-4.477325255
-4.506587255
-4.535862545
-4.565154403
-4.594466138
-4.623801161
-4.653162928
-4.682554927
-4.711980677
-4.741443730
-4.770947665
-4.800496099
-4.830092703
-4.859741203
-4.889445381
-4.919208998
-4.926980780
-4.956344268
-4.985680401
-5.014992475
-5.044283792
-5.073557934
-5.102818605
-5.132069490
-5.161314253
-5.190556286
-5.219798578
-5.249044082
-5.278295748
-5.307556754
-5.336830680
-5.366121165
-5.395431857
-5.424766367
-5.454128287
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15.096347401
15.275488149
15.452474220
15.627289780
15.799918192
15.970342011
16.138543015
16.304502158
16.468199499
16.470968482
16.483365234
16.494757451
16.506158897
16.515363766
16.523704516
16.529649152
16.534029506
16.536047029
16.535984207
16.533852670
16.529353186
16.523307879
16.514779379
16.505474304
16.501999918
16.491236255
16.479523206
16.474801572
16.463340796
16.450925371

14.455538101
14.266104880
14.074207868
13.879845128
13.683013987
13.483711014
13.281931938
13.077671659
12.870924283
12.867380616
12.851496302
12.836871241
12.822207497
12.810349188
12.799588888
12.791910942
12.786248666
12.783639360
12.783720623
12.786477331
12.792293380
12.800100913
12.811102556
12.823088732
12.827559602
12.841394528
12.856422579
12.862472538
12.877138520
12.892995815

-5.483521213
-5.512948330
-5.542412439
-5.571916509
-5.601464441
-5.631060441
-5.660708220
-5.690411783
-5.720175330
-5.720921479
-5.725480409
-5.733247806
-5.744970751
-5.758463250
-5.775644446
-5.793360559
-5.814078528
-5.834009182
-5.855929489
-5.875826844
-5.896478965
-5.914100694
-5.931305052
-5.944639135
-5.948618035
-5.958299041
-5.965100641
-5.966932755
-5.969210019
-5.968596774
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Appendix B: Matlab Code for USGS River Data Processing
% Jacob Riglin
% River Data (Jan. 1 to Dec. 31,2012)

clear
clc

% Data

% Initially inputed in English units. Conversions to
standard units shown

% below.

%% 2010-2013 or 1980-1983 Data

% Columns (left to right): Nothing, Channel width, Channel
area,

% Channel velocity, Depth

% M=xlsread('usgs waterdata 2010to2013.xlsx');

% % Shift Rows Over 1 Column

M(:,5)=M(:,4);
5 M(:,4)=M(:,3);
% M(:r3):M(:/2);
T M(:,2)=M(:,1);
$ M(:,1)=0;

’

o)

% Columns (left to right): Site Number, Channel
width,Channel area, Channel

% velocity, Depth

M=csvread ('measurements river 80to83.csv');
M(:,5)=M(:,3)./M(:,2);

% Initial count and total terms for depth
count=1;

tot=0;

for i=l:length (M(:,5))

if (M(i,5)>1eb)

M (i, 5)=0;
elseif (M(4i,5)<0)
M (i, 5)=0;

% Include cutoff velocity, current setup for cuttoff of
0 m/s
elseif (M(i,5)>0)&& (M(1i,5)<40)&&(M(1,4)<20)
M(i,5)=M(1,5);
tot=tot+M (i, 5);
count=count+1;
else
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M(i,5)=0;
end
end

% Neglect data with depth less that specified depth
count=1;
depth cutoff=2.0;
for i=l:length (M(:,5))

if (M(i,5)>=depth cutoff)&&(M(i,4)>=0.01) % Velocity
cutoff of 0.75 m/s

N (count, :)=M(i, :);

count=count+1l;

end
end

%% Data Analysis

% Velocity range, depth, width data
delta vel=.25; % Velocity step
velBin=[0:delta vel:8];

RangeStats=zeros(1l,3);
for z=l:1length(velBin)-1 % Loop for length of velocity
range
RangeStats=zeros(1l,3);
countz2=1;
tot2=0;
for j=l:length (N(:,4))
% Adjust bounds for different velocitiess
if (N(j,4)>=velBin(z))&& (N(j,4)<=velBin (z+1))

O

% Create 2xN matrix of velocity, depth data within

range
RangeStats (count2,1)=N(j,4); % Velocity
RangeStats (count2,2)=N(j,5); % Depth
RangeStats (count2,3)=N(j,2); % Width
count2=count2+1;
tot2=tot2+1;
end

% Ave and Std of velocity, depth and width data

end

% Results: data- Rowlé&2 velocity, Row3&4 depth, Rowb5&6
width

data (1, z) =nanmean (RangeStats (:,1));
data (2, z) =nanstd(RangeStats(:,1))
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data (3, z) =nanmean (RangeStats (:,2));

data (4, z) =nanstd(RangeStats (:,2));

data (5, z) =round (nanmean (RangeStats(:,3)) *10) /10;
data (6, z) =round (nanstd (RangeStats (:,3))*10) /10;
sites (z)=tot2; % Total number of sites per bin
end

data prime=data’';
data_prime(:,7)=round(sites'/sum(sites)*lOOO)/10;
% Histograms of Velocity and River Depth
% Analysis

vel=-0.05:.05:4.05;

depth=(depth cutoff-0.1):.05:5.1;

% Velocity

figure(1l)

hist (N(:,4),vel)

xlabel ('Velocity (m/s) ')

axis ([0.75 4.0 0 35007)

set(gca, 'XTick',[0.75:0.25:4.0])

% Average River Depth

figure(2)

hist(N(:,5),depth)

xlabel ('River Depth (m) ')

axis ([ (depth cutoff) 5 0 3500])

set(gca, 'XTick', [depth cutoff:0.25:5.017)
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Appendix C: Generator Specs and Dimensions

# 443905 Permanent Magnet DC Generator

Maximum charging current for this generator is 20A. For continuous duty the
generator should be run at 120A charging current or below.

Current Rating:
20A — 20 minutes max
15A — 50 minutes

10A or below - continuous duty

Please note: This generator is not designed for direct outdoor use, in rain or submerged
in water. If used outside, it must be housed in an enclosure, appropriately sealed for
outdoor use.

Generators are non- returnabfe once installed and connected to a power supply.

If you receive a generator that is damaged in shipping, please notify us immediately at
802-425-3435 - before you install the generator into your application,

Windstream Power LLC
802-425-3435
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S e —————— |

. Check for damage o the packagmg or 10 the generaior iiself

L With the output wines saparatad, turn the shaft by hand. A shight resistance will be
fiedt. due to new brush and bearing fnchon. As the beanngs and brushes are “run
m" over & penod of ime. this frction will be reduced.

i Mow touch the output wires togsther, and again tum the shaft It should now be
much more dimcult to tum the shafi, due to “magnetic braking”

f there = any apparent damage. or if any of these lests do not work, notify the shipping
ompany who delivered the generator, and notify the dealer from whom you purchasad Lhe
jenerator. All generators are inspeciad before shipping, and are fully insured against damage.

A ACCESSCRIES

—F F=A7 —

VOLT
o o A DC
o OUTPUT
G —-
- '3
Jn‘ \ \ ) O - AT
s e POWIER WVERTER @ —AC OITPUT
Vv Y e o MOWTOR o Lo
- # O OPTIONALY o
DERELT OUTPUT
The rad gutput wire is POSITIVE (= The black cutput wire is NEGATIVE {-)

Vhils looking at the end of the generator shaft, tum the shaft in 3 ciockwiss direction 1o obtain the
neficzied polarty Temed counterciockoass the biack wire would then be positive and the while
regative The generator can be lumad m ather direction without damage The polanty can also b
evearsed, if desired, by disassembling the generator @nd rotating the magnst drum throwgh 180
jegrmes

To obiamn the same polanty from rodation m edther direchon, connec the ganeralor output wires to the ac
rmectons on a full wave recilfer bndge, such as The 272125 bndge kil. The output of the + and -
emections of the bridge will be the same polarity for sither drection of rolation of the generator shalt

Vire ruts or any Sther me=ns can be u==d insiaad of 2 bamer sinp 1o maks the generator conections

The armow or band [cathode) on the meverse-cumrent diode should be on the ssde sway from the
gensrgtor The purposs of this diods s fo prevent the baftery from fuming the generator Bee & molor

Replacement brushes bearings or othar parts. @5 well 38 diodes. regulators, powsr monilors. batienes
and mveriers can be obizned from Windstraam
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LOW RPM PERMANENT MAGNET
STOCK NO. 443905

RN W L IEETERS FOUR MOUNTING HOLES N FRRONT
s | IEIII:H‘:MI [h1o O# 3818 THREAD)
h—— — A
| [+ Ry "N 1 \"
LT TV
' 3 1 ¥ r
|
130 11!5 {L.’
¢ fx |
IO — =\
REMOVEABLE BASEFLATE WITH 73 B A <5 ' |<=>
LR 230 MM SLOTS — = - — >
MECHANICAL SPECIFICATIONS
Cveeall lengih 00 {1350} Fuceplale dhamimor it (G
Vinigit 128Ny (7.8 B} Shappng wnighs Tollg (37 1)
flagrnt oo o lErmeTr 1 1 S LS} Shtall keywaly F T T
Sha® dlamphhr 15 Srowp |SMEH) Shaft mngih &m0, 9}
Mas i et sneed 10040 rpen (62 et} Antatue Eithat dite=tiin p oy see
Mhowsrding Four iapped holrs oo 155mm Solt circle In front ard cap, or by removeable bosopiss
Bagrings Tweo swalpd Ball bearings - bore 17, wkith 12, 40 mmO0 - Applacemant baartng stock no. 171100
Armuduss Th.dmm 00, nizcs length 162mm, 21 slote, skewed aminations fo minimis copoing,. Satles
wotmd, € wegment comemision,
gty Twn sstursied T8 sonular coramic muagrety d2mm ik By Ydmm kag.
Brothes Extra-langs 1houm wirks by 25 long - Repiscamant brush ssssmbly sooe po. LAITIR

Ei ECTRICAL SPECIFICATIONS

Dhatprd voliage
Chalzall Garreit
Cripuit povsy=s

T read4tarCe

PERFORMANCE

42, 34, 36, &0, 10 o 130 frimbnrrndnsd by oo sl )

30 ampeses macdmaum. Annatury wirdings T (AWS 18] magret wiee (Tusing cerent 62 sl
LERYY preaximas, operatitng &t 122 volts (4 8hp). Ratings e determined by the spsmling
volinge. High currenl operation fnqieires cosling.

1.1 pluns

K

all o Gl elETT 15 CHEAES WITHOCT EDIEE

8

-
(=]

w

BHONT CIRCUIT DC AMPERES
L

T
h1o

gl

s B

e

172



e e
TROUBLESHOOTING GUIDE FOR PERMANENT MAGNET DC GENERATORS

if there is too much resistance to tuming the generatorn

1. Completely disconnect the generator (both wires)
If the resistance disappears, there was a load or a short circult In the external winng,

2. {f tha resistance is <till present, unscrew the brusholders 2nd remove the brushes.

If the resistance disappears, there is excessiva brush pressure, such 2s caused by 2 nearly-
worm-out brush catching on 2 commutator segment and getting jammed, or the brush has
somehow become gummed up, or debris such 2s a magnet fragment has got in between the
brush and the commutalor.

To correct, inspect the brushes, replace one or both i necessary, or brush and blow out

around the commutatar.

3. If the resistance is still present, determine whether the resistance is constant or varying as
the shaft is turmed.

if the resistance Is varying - dragging at certain points a5 the shaftis turned - then there is
probably one or several short circuits In the anmature winding, ceused by everheating,
resulting In the enamel insulation melting and the windings contacting each other. If this is
the problem, the armature or complete generator has to be replaced.

if the resistance to tumning Is constant as the shaft is turned, the cause Is likely fallure of one
or both bearings. Typically the front bearing can fall prematurely If the generator [s operated
with excessive side pressure, such as from a too-tight v-belt.

To cofrect, disassemble the generator, remove the armature, determine which bearings are

hard to turn, 2nd replace themu

4. Occasionally, = generator can be disabled by a fragment of magnet breaking off and
lodging between the edge of a magnet and an armature segment. f this happens,
disassemble the generator and remove the fragment, and also clean out any other such
fragments, which will be adhering strongly to the magnets.

Call Windstream Power LLC for parts and repair B02-425-3435
= = - = ———

173



EE ———— |
EFFICIENCY IN SMALL PERMANENT MAGNET DC GENERATORS

The overadl efficiency of smatl permanent magnst de generators 15 detemmined by sevenal independent
factors, so there is no single efficlency figure that can be specifiad for any particular generator.
Efficiencies range from 75% to 954, with.a mean of about 85%.

Efficiency is affected by the following factors;

1. Magnet type and strength - low cost generators use ceramic CB magnets, and highet cost,
higher efficency generators use nepdymium (“rane sprth” ) magnets.

N Magnetic gap - the smaller the clearance between ammature poles and magnets, the better the
miagnetic flux path and the higher the officiency (but also see “windage™ in ftem 5 below).

3. Winding resistance - the lower the internal electrical resistance of the winding, the fess energy

is dissipated as heat that results from current flow through the winding resistance, Accordingly, the
larger the magnet wire diameter in the armature windings, the lower the resistance and the higher the
electrical efficiency, but the larger the generstor (the same number of tums of the larger wire gauge
are required to generate the same output voltage). The intemal resistance and wire gauge is given fn

the specifications of each generator type,

4. Heat - both ambient heat and hest generated by current flow through the windings - the higher
the temperature, the higher the resistance and the lower the efficiency. Air cooling of windings, bath
corvective and foreed air, fmproves the generator efficiency.

% Windage - the resistance to rotation caused by air friction areund the rotating amature - is
higher for very narrow magnetic gaps, and is also higher at higher shaft rpms as well as larger armature

diameters,

&, Load characteristics - the nature of the gen=mator load, a completely extemal factor,
inflluences the overall efficisncy. Gensrally, the maximum efficlency ocouss when the source
{senerator] impedance is matched to the external load impedance. In dc generators, impedance effects
occur when the inductance of the generatar windings interacts in any way with the load. 4 nop-
inductive load such as a battery or a resistance heater can be considerad purely resistive; while the

generator impedance fs then simply fts intermal de resistance,

Given that the final precise efficiency of a dc generator in a particular application s affected in some
way by 2l the above factors - rpm, load charcteristics, Internal resistancs, voltage, power output and
temperature, as weil as gensrator size, magnet type and magnetic gap, the anly way 1o determine the
mact efficiency is to measure it in the application and conditions it {s to be used. If the input torque

and rpm are known or can be meamured, and the oulput power measured at the steady-state |oaded
temgerature, in these conditions, the efficiency fs simply the guotient of input over output power:

Calculation of efficiency E-  efficiency - “E:_m- (£ x 100 = percent efficiency)

A
The input power Py, = 6.28 x shaft torgue T {in Newton-meters) x retationa frequency T (in Hertz or
revolutions per secand). If the rotational frequency is & rpm, multiply by 60.

The output pawer Pacr i watts = output voltags Vo X output curment fp as measured by & voltmeter and
HTIeeT,
e e S
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Understanding Output Voltage, Current and Power with
Permanent Magnet DC Generators

The output voltage of a permanent magnet dc generator depends on the
shaft rpm and the load. All Windstream permanent magnet generators will
operate at any voltage within the operating envelope indicated on the
published specifications. The rpm required to reach any particular
voltage is determined by the load - the lighter the load, the lower the rpm
needed to reach the specified voltage.

We have performance curves for each generator to show the rpm vs. load
relationship. One of the curves shown in the specifications is the no-load
(open-circuit) voltage, and the other curve is the short-circuit current. The
performance at any load and rpm can be calculated knowing these factors
plus the internal resistance of the generator.

An example of a battery charging application (24V)

Tha float voltage of a 24 volt battery is typically 27.6 volts. By controlling
the generator rpm, it can be made to deliver 27.6 volts, or in the case
where the input rpm is variable, such as from a wind turbine, a 24 volt
voltage requlator can be used to limit the output voltage to the battery to
27.6 volts, no matter what the rpri (within the operating ranges of the
generator and regulator).

When charging a battery with a permanent magnet dc generator, the
generator rpm first has to rise to the point where its output voltage
reaches the battery terminal voltage - a discharged 24 volt battery might
have a terminal voltage of 20 ar so. As soon as the generator exceeds that
voltage, current starts to flow into the battery, and the effort required to
turn the generator (i.e. input torque) increases. As long as that amount of
torque can be supplied by whatever is turning the generator, the
battery will continue to charge.

As soon as the battery becomes fully charged, no more charging current
will flow, and the load disappears. If the generator continues to ba drivan,

then the output voltage, with no load, will rise, and that could damage the
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battery unless limited by a voltage regulator, or by disconnecting the
‘generator when the charging current drops to zero or the battery terminal
voltage reaches 27.6.

When charging a battery from a permanent magnet dc generator, it is also
necessary to insert a diode into the charging circuit so that, if the generator
rpm drops, the battery does not start to turn the generator like a motor,
which discharges the battery. This is particularly important with variable
power sources like wind turbines or human power generators. The diode
acts like a one-way valve, allowing current to pass into the battery but not
out. A voltage requlator includes an internal diode, so no additional diode
is needed when using a voltage regulator. "

Current and RPM when connected to a load

The current ("amperage") of a dc generator at any rpm is governed only by
the load put on it, not by its rpm - if you run a generator with no load, the
current stays at zero no matter how high the rpm. Only the generator
terminal voltage goes up, but no matter how high the voltage, if there is no
load, there is no current flow.

So the only limitatior on rpm on a low rpm generator, as long as the
current is kept within the limit for that generator, is if it is turned so fast
with no load that the voltage rises so high that it could arc from one
commutator segment to the next. As long as there is a load, preventing the
voltage from rising to the arcing level, you can use a dc generator at any
rpm you want.
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Appendix D: GAM PE-W Series Gearbox

b PE SERIES

GAM The GAM PE series is a great gearbox value for servo, stepper, and other motion control
can. L . K X . .
) applications. It offers the best quality available for the price point. Based on the design of the
If you don't see exactly popular EPL series, the PE series is a reliable alternative when radial or axial loadings are minimized.
what you need, let us
know. We can modify PE Series offers:
the PE Series gearboxes * Metric output (4 sizes)
to meet your needs. . .
Page 4 provides a list of NE.MA output (4 Sllzes)
commonly requested * Wide range of ratios (3:1 to 1000:1)
modifications to give * Available to purchase online!
you a feel for our * Improved backlash specifications 1
EHILIES, * Increased service life

|. Adapter Plate 4. Input Clamping Element
(Customized adapter plates for quick
and easy motor mounting)

2. Seals

(Protective seals to isolate the gear- 6. Rl,n 2 Gear ) .
box) (Ring gear incorporated into housing)

5. Planet Gears
(Precision honed gears)

3. Ball Bearings 7. Output Face

(dual ball bearings)
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PE SERIES

PE-W
* Metric output face
* Ratios 3:1 to 1000:|
* Frame sizes from 50 mm to |18 mm
* Ready to mount to your motor

PE-N (NEMA)
* NEMA output face
* Ratios 3:1 to 1000:|
* Frame sizes from NEMA 17 to 42
* Ready to mount to your motor

PE-N (NEMA)

PE-N (shown with GAM’s EKC elastomer coupling)

* Use the PE Series gearbox with the EKC coupling for
the most cost-effective solution!

PE-N (with EKC)
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PE-W

L2

L1

f2 L6

/ | L3 O g
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s 4 =] I Y e | [~ ( ) \ ) 5
I L pgy g © \ /’
A \ \
L4 \ O\\—f'/g
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t1

L8

Ll

14

19

24

(0.433) (0.551) (0.748) (0.945)
14 (0.551) 16  (0.630) 24 (0.945) 32 (1.260)
12 (0.472) 14 (0.551) 20 (0.787) 25 (0.984)
35 (1.378) 40 (1.575) 55 (2.165) 80 (3.15)
4 (1.732) 52 (2.047) 70 (2.756) 100 (3.937)
50 (1.969) 64 (2.52) 84 (3.307) 118 (4.646)
M4x8 M5x12 Méx16 M10x22
M4x6 M5x12 Méx14 M8x18
93 (3.661) 117 (4.606) 162 (6.378) 199 (7.835)
108 (4.252) 139 (5.472) 195 (7.677) 239 (9.409)
-G 161 (6.339) 228 (8.976) 280 (11.024)
245 (0.965) 39 (1.535) 54 (2.126) 61 (2.402)
16 (0.63) 25 (0.984) 36 (1.417) 45 (1.772)
18 (0.709) 30 (1.181) 45 (1.772) 50 (1.969)
4 (0.157) 8 (0315) 8 (0.315) 10 (0.394)
4 (0.157) 5 (0.197) 6 (0.236) 8 (0315
135 (0.531) 16 (0.63) 22.5 (0.886) 28 (1.102)
50 (1.969) 70 (2.756) 90 (3.543) 120 (4.724)
23 (0.87) 23 (0.906) 30 (1.181) 40 (1.575)

*for larger motor shaft diameters, please contact GAM ** depending on the motor, value can vary *** long motor shafts can be accommodated, but overall gearbox length will grow
****The PE-W-050 may have a blue ring gear

EKC-25

EKC-35

KLC-125

EKC-80 or 110

KM-270

EKM-300

TYPE CODES FOR PE-W SERIES (METRIC)

Example: PE - W-084-005G-[115-A01]-S111

L Special Options

Gearbox Series
PE w/ Metric Output Assigned by GAM
Gearbox Style Motor Mount Kit
W = Output Shaft Assigned by GAM

S
0

Gearbox Size Options Available for This Product
050,064,084, 118 G = Key on output shaft per DIN6885
Ratio
3,4,5,7,10,12, 16,20, 25, 35,40, 50, 70, 100, +0.002 -0.025
120, 160, 200, 250, 350, 490, 700, 000=1000 +0.021 0
+0.002 -0.030
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Doctor of Philosophy in Mechanical Engineering in January 2016.

180



