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Abstract In this study, electric generation capacity of a
hydropower system was evaluated through computational
fluid dynamics (CFD) modeling and simulation. Perfor-
mance of paddle wheels in producing hydropower out of
running water under different speeds was evaluated, and
effects of side and bottom fins and paddle wheel shape on
power generation were discussed based on the CFD results.
It was also found that, compared to the regular straight
paddles, the curved paddles can increase the electricity
generation capacity of the entire system by 10-20 % at
different water speeds. A preliminary economic analysis
revealed the great prospects of applying the presented hy-
dropower technology in regions with rich water resource to
produce and supply low-cost, clean, and renewable elec-
tricity for a large amount of households and industries.

Keywords CFD - Paddle wheel - Hydropower -
Bottom fin - Curved paddle

Introduction
In our previous study [1, 2], hydroelectric generation ca-

pacity of a paddle wheel had been evaluated through both
analytical calculations and computational fluid dynamic
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(CFD) simulations. Based on the outcomes, a hydropower
system was fully developed, which consists of three pairs
of paddle wheels and may include side and bottom fins to
produce more hydropower out of running water. CFD
modeling and simulation approach presented in [1, 2] was
applied in this study to evaluate the performance of the
developed system, and, based on the results, the potential
impact of such system on energy industry and local econ-
omy was also estimated.

Because of its important role in generating electric
power, the paddle wheel has been extensively employed
in a rich variety of power plants to provide renewable and
sustainable power generation. For example, paddle wheels
will be used in a series of large concrete hydroelectric
stations being constructed in the Belle Isle Strait, Canada
[3]. Paddle wheel can also be found from the Rance River
tidal power plant to generate electricity out of ocean en-
ergy [4]. In a microalgal biomass production station,
paddle wheel is even mixing of ponds to achieve a re-
quired water velocity (20-25 cm/s) [5]. Several inventors
also used paddle wheel as an important component in
their designs of generating hydroelectricity out of water
[6, 7].

In the present hydropower system, all the hydroelec-
tricity is generated from paddle wheels. In real application,
the full-sized hydropower system will be anchored in a
river, and when the water passes through the equipment, it
will rotate the paddle wheels to create very high torque at
their axes. The rotating paddle wheels will then drive
conventional electromagnetic generators to produce elec-
tric power. Such system includes three pairs of paddle
wheel, which are arranged in series. The dimensions of
original design are huge: 55 x 36 x 9 m®, and two CFD
models, the original model and a down scale (1:30) model,
were created and used for simulations. In next phase, a
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Fig. 1 Geometry of a paddle
wheel under water

scaled prototype will be manufactured and used for ex-
periments; the experimental results will then be compared
to the simulation results to validate the employed com-
putational approach.

CFD techniques have been extensively applied in design
and assessment of hydro equipments, such as fluidized-bed
reactors [8], structured packings [9], double turbine stirred
tank [10], and reservoir [11]. However, in spite of the many
CFD models created for other hydro equipments, only a few
models have been created to simulate and assess paddle
wheels. Peterson et al. [12] presented a methodology to
simulate combinations of paddle wheels and propeller-
aspirators in a single pond and showed from their simula-
tions that a paddle wheel imparts more circulation into a
pond than a propeller-aspirator of the same motor horse-
power. Kang et al. [13] surveyed and simulated paddle-
wheel-driven circulation in rectangular shrimp culture
ponds using a 2D depth-integrated numerical model.
Compared to the previous paddle wheel models, the mod-
eling and simulation work presented in this study for the
first time predicts the role of paddle wheels in a clean en-
ergy system using ANSYS CFD software packages. In ad-
dition to that, the computational results generated from this
study provide a solid benchmark for the future experimental
validation of the presented hydropower system.

Modeling and simulation of a single paddle wheel

In this section, the power generation capacity of an entire
paddle wheel is calculated through the computer simula-
tion. Software package ANSYS FLUENT and ANSYS
Design-Modeler were used for modeling, analysis, and
simulation. The paddle wheel consists of 16 paddles, and
only 7 paddles are submerged into water at the same time.

* @ Springer

Computer model

2D Computer-aided design (CAD) models for the paddle
wheel and the moving water were first created, as shown in
Fig. 1 (without bottom fin) and Fig. 2 (with bottom fin). In
the generated computational environment, the physical
domain was considered to be only the fluid part and the
heat and mass transfer between the paddle wheel and water
was neglected. The model consists of stationary and rota-
tional reference frame, which were separated by circular
boundary around the paddles.

The CAD model was then meshed, and cells were gener-
ated in the entire domain to create the CFD model. Quadri-
lateral mesh method was employed for meshing the model,
and refinement was applied on edges of the paddles because it
was expected that the results in those regions would vary very
quickly and fine meshes were therefore necessary to accu-
rately capture the variations [14]. Figures 3 and 4 display
meshed paddle wheel model without and with bottom fins,
which have 4668 cells and 7243 cells, respectively. In the
meshed CFD model, the essential fluid flows were described
through these cells, which would be solved numerically, so
that the discrete values of the flow properties such as the
velocity, pressure, temperature, and other transport pa-
rameters of interest can be determined [15].

CFD analysis

The maximum angular velocity is calculated with respect
to that the net generated torque on the wheel shaft becomes
zero. In another word, when the wheel is rotating by
maximum angular velocity, the torque exerting on the
paddles is zero. Following this manner, overall 30
simulations are performed. Table 2 illustrates important
algorithms, approximations, and other settings.
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Fig. 2 Geometry of a paddle
wheel under water with bottom
fin

Fig. 3 Meshes of a paddle
wheel without bottom fin
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Water speeds of 1.8, 2.2, 2.7, 3.6, and 4.5 m/s were
defined in this model and used for CFD analyses to find the
hydropower electricity generation capacity of the paddle
wheel. Those speeds were selected as typical water speeds
attainable at Wax Lake in State of Louisiana, United States
(a candidate site for deployment of the presented system),
and those values were provided by a local agency. At each
water speed, six equally increased angular velocities from 0
to a maximum value were applied on the paddle wheel and
used for simulation. The maximum angular velocity was
calculated as when the net generated torque on the wheel
shaft became zero. Overall 30 simulations were carried out.

Table 1 illustrates important algorithms, approximations,
and other settings used for the analyses.

Simulation results

Figures 5, 6, 7, and 8 display the distribution of the pressure
and water velocity around a stationary paddle wheel with
and without the bottom fin at a water speed of 1.8 m/s,.
From these figures, it can be seen that the majority of the
force is applied on the left four paddles through the flow,
while other paddles were indispensible in making a con-
tinuous rotation. It is also obvious that the left four paddles
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Fig. 4 Meshes of a paddle
wheel with bottom fin
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Table 1 Important CFD

. h 1
analysis settings Solver type

Viscose model

Fluid

Rotation

Pressure—velocity coupling
Gradient discretization
Pressure discretization

Momentum discretization

Turbulent kinetic energy discretization

Turbulent dissipation energy discretization

Boundary condition

Pressure based, double precision, steady state, 2D
k—¢ realizable with standard wall function
Water with density of 998 kg/m*
Multiple reference frame model

Coupled

Least square cell based

Standard

Second-order upwind

Second-order upwind

Second-order upwind

Velocity inlet and ambient pressure outlet

created most power because of the high pressure and high
velocity around them.

CFD simulation of the hydropower system

After successfully running CFD simulation for a single
paddle wheel, the entire hydropower system CFD model
was created, on which simulations were performed
(Fig. 9). During the simulation, water would pass through
three pairs of paddle wheels in sequence; therefore, the
water speed profile would change after passing a pair of
paddle wheels and would then affect the power generation
of the next pair of paddle wheels. As shown in Fig. 10, the
water speed profile at outlet of the first paddle wheel is not
uniform. Such speed profile will then be applied at inlet of
the second pair of paddle wheels. A flowchart (Fig. 11) is

* @ Springer

presented here to show the procedure of assessing the en-
tire hydropower system.

Power generated by the hydropower system at different
water speeds is listed in Table 2 (without bottom fin) and
Table 3 (with bottom fin), along with the contribution from
each pair of paddle wheels. From both tables, it can be
found that the first pair of paddle wheels produces majority
of hydropower and the power generated by the following
two pairs of paddle wheels decreases subsequently. The
results also confirm significant effect of bottom fins on
improving the power generation capacity of the paddle
wheels. During the simulation, the bottom fins captured
energy in deep water and carried that energy directly to the
paddle wheels. As shown in Tables 2 and 3, without bot-
tom fins, only first two pairs of paddle wheels generated
hydropower, but after applying bottom fins, even the third
pair of paddle wheels produced 8-10 % of hydropower at
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Fig. 5 Pressure distribution
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ANSYS FLUENT 14.0 (2d, dp, pbns, rke)

Fig. 6 Pressure distribution
around the paddle blades and
bottom fin, water

speed = 1.8 m/s

-4.54e-01
-5.27e-01
-6.01e-01
-6.74e-01
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different water speeds. Moreover, the application of bottom
fins dramatically improved the overall produced hy-
dropower by 2.7 to about 4 times at different water speeds
(as seen in Table 4).

It is evident that the bottom fins enhance the overall
performance of the entire hydropower system.

Jun 18, 2014
ANSYS FLUENT 14.0 (2d, dp, pbns, rke)

Evaluation of curved paddles

From the simulation results of the present design, it was
found that paddle wheels are the elements that convert
the flow energy to mechanical energy and bottom fins
have the major effect in hydropower generation.
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Fig. 7 Velocity profile of water
around the paddle blades, water
speed = 1.8 m/s
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Fig. 8 Velocity profile of water
around the paddle blades and
fin, water speed = 1.8 m/s
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Originally, the paddles are flat plates and it was hy-
pothesized that the shape of paddle wheels can be curved
to bring more water flow running through the hy-
dropower system to generate more power and also to
reduce the energy loss as a result of sudden change in
flow direction [16]. In optimizing the shape of the fins,
Bejan’s constructal law as well as Lorenzini’s work was
also referred to [17-20].

* @ Springer

Jun 18, 2014
ANSYS FLUENT 14.0 (2d. dp. pbns, rke)

As suggested by Bansal [16], the optimized blade was
developed such that the curvature begins at the 3” length
radius of the blade from the center of the paddle wheel
with a radius of curvature of 1.07”. The starting position
of 3” length was chosen in order to guarantee that there
are at least seven paddles submerged into water at any
time. Specifically, the curvature was made along the
direction of the water flow because it would increase the
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Fig. 9 3D sketch of the entire hydropower system
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Fig. 10 Water speed contour at outlet of the first paddle wheel, water
speed = 3.6 m/s

overall torque and therefore improve the generated hy-
dropower. Figure 12 illustrates the optimized CFD
model. The optimized model was then validated through
the same CFD simulation, and as compared in Table 5,
comparing to the original model with flat paddles and
fins, the optimized model evidently enhanced the hy-
dropower generation from about 10-20 % at different
water speeds.

This work only represents an initial effort in shape
optimization of the blade paddles. To achieve an optimal
shape of the blade paddle that maximizes the hy-
dropower generation capacity, a full-scale optimization
study has to be conducted, where the blade number,
blade length, and curvature of the blades should be
defined as design variables, whose influence on the
overall performance of the present hydropower system
needs to be examined.

CFD simulation of the down scale model

The full-size design of the hydropower system is too huge
to be used for experimental validation. Thus, 1:30 down
scale models were created and used for the same simula-
tions, and the results will be compared to the experimental
data measured from tests to validate the employed com-
putational approach as well as to verify the potential of
implementation and commercialization of the proposed
hydropower technology. Three CFD models were created
for simulations: the original scaled hydropower system
without bottom fins, with bottom fins, and the optimized
system with bottom fins. The overall produced hydropower
from the three models at five different water speeds was
recorded and compared, as shown in Table 6. As can be
seen from that table, the relationship among the power
generated from the three down scale models is very close to
that from the three original-size models.

Economic analysis

A primary economic analysis was performed based on the
computer results. Based on the results listed in Table 3, the
total electricity generated annually from one such system
under different water speeds was estimated and displayed
in Table 7. The initial investment for manufacturing the
system, purchasing and installing generators, controllers,
and inverters was estimated at about $8.2 million. As-
suming an annual average water speed of 3.2 m/s, the total
generated hydroelectricity may reach 25 GWh, and con-
sidering the renewable energy credits of $11 for every
1000 kWh renewable electricity generated, which is of-
fered by the federal government, the total annual income is
close to $1.8 million at the average water speed if the
generated electricity is sold at $0.06/kWh. Thus, the as-
sumed payback period is about four and half years. After
the payback period, the cost for the electricity will be re-
duced to $0.02/kWh to cover basic maintenance and labor
fee. Considering the household electricity consumption, the
amount of 25 GWh electricity can benefit about 1645
households.

Economic analysis results suggest the great prospects of
applying the presented hydropower technology in regions
with rich water resource to produce and supply low-cost,
clean, and renewable electricity for a large amount of
households and industries. Full implementation of such
technology will lead to the establishment of many run-of-
the-river hydroelectric power stations, in turn will create
thousands of manufacturing, construction, supply, and
maintenance jobs.
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Fig. 11 Hydropower system
simulation algorithm

Table 2 Barge-produced
power and contribution of each
paddle wheel (without bottom
fin)

Table 3 Barge-produced
power and contribution of each
paddle wheel (with bottom fin)

ﬁ @ Springer

Specify the uniform water
speed for first paddle wheel

Compute and plot the

performance curve for i
paddle wheel

!

Find the maximum power and
optimum angular velocity for
i" paddle wheel

v

Simulate the i paddle wheel at
optimum angular velocity

v

Find the x, y, z velocity profile,
turbulence energy and
turbulence dissipation energy |

profile at outlet of i"" paddle

pecify the outlet profile of 1
paddle wheel to inlet profile of
i+1"paddle wheel

wheel
If it reach to the last paddle wheel(i=4)
Report optimum angular velocity for
each paddle wheel and generated powe
by whole barge

Water speed (m/s) Power (kW) First pair (%) Second pair (%) Third pair (%)

1.8 185.4 69.4 29.3 1.3

2.2 318.3 71.3 27.8 0.9

2.7 502.5 71.7 27.4 0.9

3.6 1025.0 70.9 28.3 0.8

4.5 1740.0 71.7 27.5 0.8

Water speed (m/s) Power (kW) First pair (%) Second pair (%) Third pair (%)

1.8 506.9 63.2 26.7 10.1

2.2 943.0 64.9 253 9.8

2.7 1589.8 65.2 24.9 9.9

3.6 3620.2 65.2 26.0 8.8

4.5 6838.1 66.0 25.8 8.2
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Table 4 Effects of bottom fins

in hydropower generation Water speed (m/s)

No bottom fin (kW)

‘With bottom fins

Optimized model

1.8
22
2.7
3.6
4.5

185.4
318.3
502.5
1025.0
1740.0

506.9 kW (173.4 %)
943.0 kW (196.3 %)
1589.8 kW (216.4 %)
3620.2 kW (253.2 %)
6838.1 kW (293.0 %)

605.5 kW (226.6 %)
1098.8 kW (245.2 %)
1823.1 kW (262.8 %)
4041.6 kW (294.3 %)
7482.0 KW (330 %)

Fig. 12 Optimized CFD
hydropower system model with
curved paddles

Table 5 Comparison of original hydropower system and optimized
model (with bottom fins)

Table 6 Comparison of hydropower generation capacity of three
down scale models

Water speed (m/s)  With bottom fins (kW)  Optimized model

1.8 506.9 605.5 kW (19.5 %)
22 943.0 1098.8 kW (16.5 %)
2.7 1589.8 1823.1 kW (14.7 %)
3.6 3620.2 4041.6 kW (11.6 %)
45 6838.1 7482.0 kKW (9.42 %)
Conclusions

In this study, a hydropower system which employs paddle
wheels and bottom fins to capture hydropower out of water
flow was developed and optimized. CFD simulations were
performed to validate the power generation capacity of the
system, and its economical impact was evaluated based on
the CFD results. In CFD simulations, effects of water
speed, bottom fins, and shape of paddles and bottom fins on
the system power generation capacity were illustrated.
Contribution of each pair of paddle wheels in the hy-
dropower generation was analyzed. The CFD simulation
results and economic analysis data showed that, averagely,

Water  No bottom  With bottom fins Optimized model
speed fin (W)

(m/s)

1.8 1.42 3.89 W (174.0 %) 4.66 W (228.2 %)
22 2.74 8.12 W (196.4 %) 9.53 W (247.8 %)
2.7 4.54 14.37 W (216.5 %) 16.51 W (263.7 %)
3.6 8.84 3124 W (253.4 %)  34.99 W (295.8 %)
4.5 15.55 61.09 W (2929 %)  67.19 W (332.1 %)

the presented hydropower equipment can generate and
provide electricity for 1645 households at $0.06/kWh
during the first four and half years (payback period) and
$0.02/kWh after that period. Part of the present CFD
simulation results had been verified through analytical
approach [1, 2], and in order to further verify the applied
computational approach and confirm the economical po-
tential and commercialization prospect of the developed
hydropower technique, an experimental analysis is re-
quired. To prepare for the future experimental validation, a
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Table 7 Electric generation capacity of the facility and its economic and social impact

Water speed (m/s) Electricity (kWh) Annual income Renewable energy credit Total annual income # influenced
($0.06/kWh) $11/1000 kWh households

1.8 6,797,710 $407,862 $74,767 $482,629 443

2.7 11,746,443 $704,786 $129,206 $833,992 767

3.6 27,483,420 $1,670,605 $306,273 $1,976,878 1794

4.5 54,381,679 $3,262,900 $598,191 $3,861,091 3551

3.2 (avg) 25,192,313 $1,511,538 $277,112 $1,788,650 1645

1:30 down scale CFD model was created and used for
simulations. The results correlated very well with the CFD
results obtained from the full-size model and will be
compared with the experimental data in next phase.
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