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ABSTRACT

This study presents the ongoing development of experimental
validation and identification of the reduced order model (ROM)
parameters for the horizontal axis hydrokinetic turbine (HAHkT)
in the context of design optimization. It is crucial to optimize the
HAHKT scale, external and internal geometry, rotor and blade de-
sign, and control scheme simultaneously to achieve cost-efficient
energy conversion. However, high-fidelity simulation models,
such as three-dimensional computational fluid dynamics (CFD),
are costly, making the ROM approach more practical in the op-
timization loop. Based on the existing circuit analogy ROM
model for the ducted HAHKT, we focus on improving the model by
incorporating previously ignored model parameters, such as tur-
bine rotor resistance, to enhance the fidelity of the ROM. We use
turbine blade hydrodynamic simulation results based on blade
element momentum (BEM) theory to augment the ROM fidelity.
The open channel experiment will test various geometries and
blade pitches to validate and identify fine tuning parameters of
the developed ROM. Additive manufacturing will be used to fab-
ricate turbine components and ducts. Pressure, water velocity,
turbine rotational speed, and torque on the shaft will be collected.
The improved ROM, validated through experiments and simula-
tions, can be used for a broader range of designs, contributing to
the development of a cost-efficient HAHKT system for renewable
energy system designers.

Keywords: Reduced Order Model (ROM), Hydrokinetic Tur-
bine (HKT), Horizontal Axis Hydrokinetic Turbine (HAHKT),
Open Channel Water Flume

1. INTRODUCTION

As the world population continues to grows exponentially,
so too does the demand for energy [1, 2]. The global use of
fossil fuels for energy production has been clearly linked to neg-
ative impacts on the climate [3]. In recent years, there has been
a significant increase in research surrounding the development
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and utilization of renewable energy sources, such as hydroki-
netic turbines (HkTs), as a means to mitigate climate change
[4, 5]. Horizontal-axis hydrokinetic turbines (HAHKTSs) have
gained considerable attention due to the benefits of lower start-up
current speed and higher output than vertical-axis turbines [6, 7].
To achieve cost-efficient energy conversion, it is crucial to opti-
mize the HAHKT scale, external and internal geometry, rotor and
blade design, and control scheme simultaneously, which requires
a holistic design approach known as the control co-design (CCD)
method [8, 9].

However, designing these systems presents challenges, pri-
marily due to the lack of validated simple models that can be
used in system-level optimization problems. Many models used
for design optimization of HAHkTs are based on high-fidelity
computational fluid dynamics (CFD) models, which are gener-
ally computationally-expensive [10, 11], or reduced order models
(ROMs), which are mostly limited to certain flow conditions [12].
HAHKT models based on CFD are generally impractical for dy-
namic system design optimization with CCD, due to the high
dimensionality of the design optimization problem, demanding
excessive number of expensive function evaluations. Therefore,
the reduced order model (ROM) approach has gained substantial
attention as an efficient tool for designing complex renewable
energy systems, including HAHKT systems [12, 13].

The ROM approach involves developing a simplified mathe-
matical model that captures the essential dynamics of the system
while reducing the computational cost significantly. In previ-
ous literature, electrical circuit analogy numerical models have
shown great potential as ROM representations of ducted HAHKT
systems [12]. This previous model has been simulated at contrac-
tion ratios of 1, 1.33, and 2. The results displayed duct entrance
to throat velocity ratios of 1, 2, and 4 respectively which cor-
responds with the continuity of flow as area changes. Ducted
HAHKTS, in particular, show promise for future use as the duct
significantly increases power and can be used in a modular setting
[11, 12, 14, 15]. In addition, it has been found that the average
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wind flow speed increased up to 1.75 times the free stream ve-
locity [16]. The speed increase also applies to water, and the
increased flow speed for the HKT system is more impactful be-
cause the energy density of water is significantly higher than wind
[7].

The ROM approach proposed in Bilgen et al. [12] is a highly
efficient circuit analogy model that is particularly suitable for op-
timizing expensive CCD problems. However, the model does not
take into account the effects of turbine blades, which can lead to
inaccurate design results when blades are present. To enhance the
fidelity of the circuit analogy ROM for detailed design of HAHKT
systems, this study aims to develop an experimental setup to val-
idate, improve, and tune the circuit analogy ROM by identifying
and incorporating model parameters, which are ignored in pre-
vious literature. This new ROM will accurately account for the
rotor resistance instead of assuming it as zero, thereby facilitating
the use of a more precise model in HAHKT design. This will, in
turn, enable the design of a system that considers the performance
implications arising from changes in rotor design. Previous work
predominantly focused on contraction ratio as the most interested
parameter. The experimental work presented in this paper aims
to uncover sensitivities in relation to both the contraction ratio
and rotor resistance.

2. METHODS

This study consists of (1) the development of an enhanced
ROM model that accounts for the turbine rotor in the ducted
HAHKT system, (2) a simulation of the HAHKT rotor blades
based on blade element momentum theory to augment the en-
hanced ROM, and (3) the development of an experimental setup
for validating and tuning the developed model.

2.1 Enhanced Reduced Order Model

The circuit analogy model [12] employs the “mechanical”
resistance for flow channel sections inside and outside of the
duct, expressed in Ohm’s law, given as:

_ AV Ap

=T
where R is the resistance of each section in the flow path. V and /
are voltage and current in the electrical circuit, analogous to pres-
sure p and flow rate Q, respectively in the fluid flow circuit. This
previous model makes several assumptions for simplification, in-
cluding laminar, incompressible, and steady flow conditions [12].
The most notable assumption is that the rotor resistance equates
to zero. Figure 1 illustrates an updated control volume with re-
sistances represented for each segment. With the given analogy,
the equivalent resistance for the rotor can be found with:

(D

P2—P3
Riotor = s (2)
Qduct
where Ryotor 1S TOtOT TESIStance, p» is the pressure before the rotor
blades, and pj3 is the pressure after the rotor blades. Bernoulli’s

equation must be used to determine p,, given as:
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where p is the pressure at the duct inlet, p is water density, and
Qduct 18 the flow rate for the duct. The pressure after the rotor is
then determined by the following relation:

Pavailable - Pextracted _
Qduct

The power extracted by the rotor, Pextracted, and power available
right before the rotor, Puyailable Will be determined theoretically
and experimentally. With Ry found and integrated into the
existing framework, the new ROM will have enhanced fidelity for
use in accurate design optimization.

1
p3 = 3P03- )

2.2 Blade Element Momentum Simulation

HAHKT blade element momentum (BEM) simulations are
performed in QBlade to analyze the blades of a turbine [17].
QBlade developed by TU Berlin, models a rotor blade with a
specific airfoil distributed over different radial sections of the
blade [18]. The turbine local blade forces, with a momentum
balance over the rotor disc models the flow field [18]. QBlade
was originally intended for wind turbines; however, it is shown
that general purpose aerodynamic and aero-elastic simulation
tools for wind turbines can be utilized for the design of HAHkTs
[19]. QBlade offers a user-friendly, visual interface, featuring
essential functions that must be executed before performing BEM
simulations. These functions encompass performing an Xfoil
analysis and a 360-degree (°) extrapolation of this analysis for a
given Reynolds number and airfoil geometry [17]. Xfoilis alinear
vorticity stream function panel method which includes a viscous
solution which interacts with the incompressible potential flow
via a surface transpiration model [20]. The Xfoil analysis yields
lift coefficients, drag coefficients, moment coefficients, pressure
distributions, velocity distributions, glide ratios, and boundary
layers for a specific airfoil geometry and Reynolds number over
various angles of attack. This Xfoil data is then extrapolated to
encompass all 360° of angle of attack, which is used to create an
overall airfoil Reynolds profile file. QBlade utilizes data provided
from the Xfoil analyses to extrapolate 360° polar data. This
extrapolated data and user-defined parameter inputs are used to
perform the simulation. Torque and power coefficient data are
collected from simulations performed where tip speed ratio and
pitch are varied. QBlade does not allow for duct inputs, but is
still essential for understanding the rotor behavior in a free stream
where the velocity could be equivalent to that of a ducted rotor.
The power coefficient for a particular turbine is determined with
the expression:

C; — (Pextracted) ] (5)
P available

This power coefficient utilizes the free stream velocity and the

rotor area, producing a power coefficient that abides by the Betz

limit of 0.593 [19]. This power coeflicient can be corrected, with

respect to the entire turbine duct, by the following expression

[11]:

A X1
szc;( “). (6)
rotor
The power available for the fluid is then determined to be [12]:
1 3
Payailable = 5,01421127 @)
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FIGURE 2: OPEN CHANNEL FLUME
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FIGURE 3: NORMALIZED PROFILE OF NREL S833 HYDROFOIL

where Aj is the area at the duct throat. With the power available
and the power coefficient, the power extracted can be solved for.
With the power available and the power extracted, the pressure
after the rotor, p3, can be solved. Finally with the pressure known
before and after the rotor, the equivalent resistance of the rotor
can be determined with Eqns. (2) and (3).

2.3 Design of Experimental Setup

This experimental work utilizes an open channel flume
shown in Fig. 2 to create controlled water flow in the axial direc-
tion of the HAHKT apparatus. The open channel is 4.42 meters
long and will be modified to include a 1.5 m insert where the
cross-sectional area is reduced to 240 mm by 240 mm which is
intended to increase the initial average velocity of 0.1 m/s. A
converging-diverging duct is installed to increase the flow veloc-
ity at the turbine region. To maximize the flow from the decreased
area to the a given duct without any exterior flow around the duct
entrance, an even larger funnel is installed for each duct entrance.
This maximized flow gives a Reynolds number of 61,500 at the
tip of the blade. We assume that the water flow is incompressible
and reside within the transitional regime, owing to the anticipated
range of Reynolds numbers. While flow separation could poten-
tially be observed at higher angle of attack, our operational range
avoids the stall regime of the blade profile. The temperature of
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FIGURE 4: LIFT AND DRAG COEFFICIENTS AS FUNCTIONS OF AN-
GLE OF ATTACK AT VARIOUS REYNOLDS NUMBERS

FIGURE 5: FRONT VIEW OF THREE-DIMENSIONAL MODEL FOR
ROTOR MODEL

the flow is considered to be a constant 20°C. In large deep sea
application, temperature gradients may lead to thermal stratifica-
tion, though not explored in this paper, may have a substantial
effect on the stability of turbine wakes, which is necessary to
understand for efficient deep water turbine farm arrays [21].

The design of a small-scale HAHKT in an open channel flume
comprises various components that must be printed, constructed,
or procured. The actual design will consist of the following: a
rotor assembly where blades can be replaced and pitch can be
altered, an enclosed shaft leading into a 90° bevel gear, another
enclosed shaft inline with a brushed DC motor acting as a genera-
tor with voltage and amperage measured, a tachometer to measure
the shaft rotational speed, and a modular duct surrounding the tur-
bine. The blade geometries chosen to assess come from NACA,
NREL, and Eppler, all of which have shown promising results
when used as hydrofoils [22, 23].

The selected blade profile, NREL S833, is displayed in Fig. 3.
In order to find a suitable inital @, angle of attack, XFOIL analyses
were performed in QBlade from —15° to +15° with a Reynold’s
numbers representing the root of the blade, the mid section of
the blade, and the tip of the blade. The corresponding Reynold’s
numbers were rounded to the nearest 10,000 to produce 20,000,
40,000, and 60,000 respectively. The results for these analyses

(d) (e)

FIGURE 6: THREE-DIMENSIONAL ROTOR MODELS WITH VARIED
BLADE CONTROLLED PITCH

- N W oW A
o S o S a_ o

—_
o

Beta (Angle of twist in degrees)

1

1 1 1 1

0.4 0.5 0.6 0.7 0.8 0.9 1
r/R (Location along the blade)

901
w

FIGURE 7: ANGLE OF TWIST DESIGNED AS A FUNCTION OF NOR-
MALIZED RADIUS ALONG THE BLADE

are shown in Fig. 4. From this figure it can be seen that certain
points were not recorded due to stall. Previous work at higher
Reynold’s numbers came to a conclusion that 6° is the ideal
a [24]. However, in the figure it can be noted that the drag
coefficient overtakes the lift coefficient at 6° for a Reynold’s
number of 20,000 and therefore should be excluded. With this
mind the @ of 7° was chosen as a baseline angle of attack (ay) for
expected Reynold’s number range. Figure 5 displays the front of
the rotor hub apparatus slightly offset. Figure 6 displays a side
view of the rotor hub apparatus as pitch was varied from —20° to
+20° in increments of 10°. The appropriate angle of twist, S is
displayed in Fig. 7. g for the blade sections was calculated with
the following relationship:

B = tan™! (%) - o, (8)

where U is the nominal velocity, which was set to 0.678 m/s,
w is the nominal rotational speed, which is set to 30.5 rad/s,
and r is the distance along blade which began at a radius of 15
mm and increased by increments of 5 mm till the tip at 50 mm.
This ensures that all local blade section locations have baseline
angle of attack at the nominal flow speed and optimal TSR, when
controlled blade pitch (6,,) is maintained at 0°. Figure 7 displays
the change in g8 along the length of the blade. U and w were
chosen as such to produce a tip speed ratio, TSR, of 2.25 with the
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FIGURE 8: DUCT CONFIGURATIONS WITH INLET/OUTLET DIAME-
TERS OF 104, 138, AND 208

following relationship:
rw

TSR = (7) )

Chord length was kept constant along the blade for experimental
simplicity. Change in chord, tip clearance, and cavitation were
not explored but are essential to incorporate for full CCD op-
timization. In total, nine different rotor designs with each at a
different fixed pitch, as well as other components, will be printed
in the additive manufacturing lab at the University of Memphis
which employs a binder jetting process for metal printing. The
modular ducts, which will allow for easy adjustments to the diver-
gent and convergent ends, will be printed in the polymer PETG
via an extrusion process using a Creality CR-M4 printer. Figure 8
display the designs for each of the ducted assemblies to be printed
and tested.

Lastly, the flow generated from the pumps is constant and
therefore the flow is assumed to be steady. The primary ob-
jective for the experiment is to collect rotational speed, voltage,
amperage, and torque data for various duct geometries and blade
pitches. The free stream flow will also be assessed with a flow
meter. This collection of data will be essential in formulating the
experimental power coefficient with the following relationship:

Cy = (10)

! 3
> pAv
Thereafter, determining the experimental rotor resistance with
using C;*, Eqns. (2), and (3). These results will also be compared
to the simulated results and validity will be determined for the
enhanced ROM. The C; can also be corrected to find the power
coefficient value associated with the entire duct, which abides by
the Betz limit, using the following relationship:

A
Ch=Cy (ﬁ) (11)
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FIGURE 9: POWER AND THRUST COEFFICIENTS AS A FUNCTION
OF TSR

2.4 Design Optimization Plans

Dynamic system design optimization plans employing CCD
methodology for a reduced order model of ducted HAHkTs will
lead to substantial advancements in performance and efficiency.
By concurrently addressing physical and control system design
problems, the CCD approach can effectively tackle complex inter-
actions and trade-offs in the design process, resulting in system-
optimal design solutions. This methodology will facilitate the
development of advanced ducted HAHKkTs, fostering renewable
energy adoption and environmental sustainability. With the de-
veloped ROM, which accounts for the turbine rotor and blade
effects through numerical and experimental parameter identifica-
tion, design engineers and researchers will be able to optimize
with a wide range of design options to develop novel turbines
with higher efficiency, utilizing both physical design and novel
control strategies. The enhanced ROM will provide a readily
available model that can be easily integrated into the CCD op-
timization loop, applicable to a variety of hydrokinetic energy
applications, thereby further enhancing the performance and re-
silience of these systems. The incorporation of this ROM into
the CCD optimization loop allows for more comprehensive mul-
tidisciplinary considerations in the design processes, especially
when the design problem involves active dynamic controls of the
HAHKT in various design load case scenarios.

3. PRELIMINARY RESULTS

A QBlade simulation was conducted to generate power and
thrust coefficient data for various TSRs, ranging from 0.1 to 3.5.
The inputs for the blades were the same as the experimental in-
puts, with the blade profile of NREL S833 selected and the angle
of twist varied following local speed ration, as shown in Fig. 7.
Figures 9 and 10 present these results for the simulations where
tip speed ratio and pitch were each varied respectively. Figure 11
presents the results for coefficient of power varying pitch at multi-
ple tip speed ratios. Based on these figures, the maximum power
coefficient can be determined and corrected with Eqn. (6). The
power available is then calculated with Eqn. (7). With the power
coefficient and the power available, the power extracted can be
computed. With the power available and the power extracted,
using Eqn. (4), the pressure after the rotor is determined. Finally
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with the the pressure before the rotor calculated from Eqn. (3), and
the pressure after the rotor known, the equivalent rotor resistance
can be calculated with Eqn. (2).

In the final version of the paper, we will present a compre-
hensive experimental design and setup, outlining detailed plans
for connecting the enhanced ROM parameters with the mea-
surements obtainable through the experiment. This approach
will enable a more accurate representation of the system, allow-
ing for better optimization and performance evaluation of ducted
HAHKT systems.

4. CONCLUSION

In conclusion, integrating power coefficient results from sim-
ulations and experiments into the calculation of equivalent resis-
tances for rotor blades significantly enhances the existing one-
dimensional ROM, which previously omitted these essential tur-
bine rotor elements. Although slightly more complex due to the
inclusion of rotor blade resistance, the improved ROM provides a
more accurate representation of the resistance distribution along
a ducted HAHKT and offers a critical avenue for incorporating
CCD.

The primary expected contribution of this research to
HAHKT design optimization and renewable energy system de-

velopment lies in providing a more accurate and reliable model
for designing and evaluating HAHkTs. By incorporating the rotor
resistance, which can be easily calculated using a known power
coefficient for a given turbine, this enhanced ROM facilitates a
streamlined approach for one-dimensional HAHKT design opti-
mization.

The potential benefits of the improved ROM for ocean re-
newable energy system designers are numerous. This enhanced
model enables more efficient design iterations, reduces compu-
tational complexity, and allows for more accurate performance
predictions. As a result, designers can optimize HAHKT con-
figurations more effectively, contributing to the advancement of
renewable energy systems and promoting more sustainable en-
ergy solutions.

This new ROM will be rigorously validated and refined
through a series of experiments and simulations involving rotor
blades with known power coefficients. This validation process
will ensure the model’s reliability and accuracy in predicting
the performance of HAHKT systems, ultimately leading to more
effective design optimization and renewable energy system de-
velopment.
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