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ABSTRACT Ultra-low-head is an unexplored classification among the sites in which hydroelectric power can be produced. This is

typically owing to the low power output and the economic value of the turbines available in this segment. A turbine capable of
operating in an ultra-low-head condition without the need of a dam to produce electricity is developed in this study. A gate structure
installed at a shallow water channel acting as a weir generates artificial head for the turbine mounted on the gate to produce power. The

turbine and generator are designed to be compact and submersible for an efficient and silent operation. The gate angle is adjustable to
operate the turbine at varying flow rates. The turbine is designed and tested using computational fluid dynamics tools prior to
manufacturing and experimental studies. A parametric study of the runner blade parameters is conducted to obtain the most efficient
blade design with minimal hydraulic losses. These parameters include the runner stagger and runner leading edge flow angles. The
selected runner design showed improved hydraulic characteristics of the turbine to operate in an ultra-low-head site with minimal

losses.
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ULH : ultra low head turbines

CFD : computational fluid dynamics
RANS : reynolds-averaged navier-stokes
SST : shear stress transport

GCI : grid convergence index

LE :leading edge
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TE :trailing edge

DoE : eesign of experiment
LHS : latin hypercube sampling
DV : design variable

H :head

D  :runner diameter

1. Introduction

Energy from shallow waterways, also known as
hydrodynamic energy, is an emerging form of renew—
able energy that harnesses the kinetic energy of
water flowing from rivers, tides, and ocean currents,
The importance of this renewable energy is rising
as the globe works to lessen its reliance on fossil
fuels, Due to its great efficiency, minimal maintenance

requirements, and long lifespan, hydroelectricity has
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emerged as one of the most promising clean energy
sources, Hydrodynamic systems can be deployed in
shallow waterways without the need for expensive
infrastructure, unlike traditional hydropower, which
necessitates the construction of dams and reservoirs,
Due to its low environmental effect and capacity to
deliver consistent electricity, this source of energy
is becoming more and more popular,

To harness kinetic energy from shallow, slow—
flowing waters, Ultra Low Head Turbines (ULH) were
designed, ULH turbines have a special design that
makes them far more efficient and economical than
conventional hydro turbines, which need high head
and high flow rates to produce power, Despite the
detrimental effects on the environment, hydropower
is still regarded a sustainable source of renewable
energy, The construction of medium— and large—scale
hydropower plants is significantly hampered by envi—
ronmental concerns,m A compact—scale hydropower
sources are therefore gaining popularity since they
have advantages including simplicity of deployment,
compact size, and favorable environmental effect,m
Much of the article that has been released to date
focuses on hydrodynamic energy conversion technology[3’ 4
or small hydroelectric technology employing low heads
from 3 to 30 meters,[S‘B] However, water power de—
velopment in scenarios with a head between O and
1.5 m, which is frequently referred to as ULH, has not
gotten much attention due to the minimal economic
benefits of resources.' Canals, boat locks, tidal/
hydroelectric power station flows, sewage treatment
plant channels, rivers and streams, marine channels,
breakwaters, and other places are examples of ULH
water power locations,

One of the turbines in the family of water turbines
that produce power from low—pressure, high—flow
water sources is the Kaplan, The adjusting mechanism

of runner used by Kaplan turbine may adapt to the

velocity of the water to generate as much energy as
possible, Kaplan turbines also perform better under
a variety of conditions since both the runner blades
and guide vanes are adjustable, However, the blade
adjustment mechanism is complicated and requires
adequate installation space in the runner hub, Kaplan
turbines are consequently more suitable for situations
needing larger flow rates with lower heads due to their
complexity and expense, Fixed—blade runner turbines
are far more affordable and more suited for ULH
applications than Kaplan turbines; nevertheless, their
optimal power operating ranges are Constrained_[8]
A fixed—blade Kaplan turbine suitable for ULH sites
with a head less than 1,5 m, efficiency more than 80%
and a power output of at least 30 kW is not available
in market and literatures,[g]

This study focuses on the design analysis and para—
metric study of a fixed—blade Kaplan turbine mounted
on a gate structure suitable for ULH applications,
The design analysis is conducted on an initial design
and the parametric study is conducted to improve
the initial design to minimize losses. The study is
performed using Computational Fluid Dynamics (CFD)

simulations,

2. Description of the models

The gate turbine model is designed in such a way
that the water from the upstream is diverted to
flow into the turbine and also to overflow above the
turbine as shown in Fig, 1, A part of the incoming
water is diverted into the turbine using stay vanes
mounted on the gate structure, The other part is
made to overflow above the gate structure such that
the difference between the upstream water level and
downstream water level produces the head (H) required

for turbine operation, The kinetic energy of the water
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Fig. 1. Gate turbine structure and operating principle

entering the turbine is used to rotate the runner to
produce electricity through the generator mounted
inside the stay vanes, The kinetic energy of the
remaining water is converted to gravitational potential
head by the gate, The gate is mounted on a roller
track and is inclinable against the upstream flow at
an angle (@) thereby controlling the head and flow
rate through the turbine,

The stay vanes consisting of seven vanes ensure
a uniform water distribution into the turbine by
straightening the flow from the upstream channel, It
maximizes the pressure energy of the water entering
the turbine and also offers structural support to the
generator housing, The runner consisting of three
blades is the main element tasked with power ex—
traction and energy conversion, Positioned between
the stay vanes and the draft tube, the Kaplan—type
runner comprises blades specially designed to harness
the kinetic energy of the moving water, This energy
transformation process converts the water's kinetic
energy into mechanical energy, ultimately transferring
it to the turbine shaft to power the electrical generator,
The runner blades are fixed at a pre—determined angle
such that complex governing structures inside the
runner hub can be omitted thereby to reduce the

manufacturing and operating costs unlike a con—
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Table 1. Specifications of the turbine

Description Value
Runner Diameter D
Shroud radius D/2
Number of runner blades 3
Number of stay vanes 7
Runner length 0.6D
Gate height (hgate) 1.81D
Inclination Angle () 10 — 20°
Head (H) 1.1m

ventional Kaplan runner, As a reason, it is important
to find the most efficient blade angle prior to manu—
facturing the turbine, This is obtained through
parametric study of the runner shape parameters
including the blade angle and the stagger angle and
is presented in this paper. The specifications of the

turbine are provided in Table 1,

3. Numerical Model

Utilizing the computer, Crp"” expands the capability
of fluid mechanics analysis, The skilled engineer can
use CFD to provide cost—effective, precise predictions
that are very insightful and flexible, The analytical
procedure is made much simpler with the assistance
of CFD, The ANSYS software is utilized in the current
study to examine the internal flow characteristics
and determine the efficiency of the turbine model,
The steady RANS equations for 3D incompressible
flow are used to perform the numerical analysis, The
finite volume approach is used to discretize these

governing equations,
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where —pm, p, t, u;, u, and p denote the Reynolds
stress, fluid density, time, fluid velocity components,
turbulent eddy viscosity, and local static pressure
strength, respectively,

The shear stress transport (SST k — @) turbulence
model established by Menter, " which is utilized as
a turbulence closure model in this work, is used to
get an understanding of the internal flow taking
place inside the turbine, The SST turbulence model
uses the advantages of k — @ and k — ¢ models with
a blending function which makes a good transition
between them_m‘lg] The k — @ turbulence model
captures the flow field happening at near—wall
surfaces while the k — ¢ turbulence model is used
for the bulk flow region to analyze the turbulence,
The wall function is automatically employed in the
calculating procedure for a smooth transition between

these two turbulent models,

3.1 CFD model and boundary conditions

The turbine performance is analyzed using nume—
rical solver solving for the governing and turbulence
equations, Numerical fluid domains are created and
meshed for the simulation, An inlet domain, a runner
domain and a draft domain are generated, Except for
the runner, all other components of the turbines are
defined as stationary domains, The General Grid
Interface method transfers data between rotating and

stationary domain boundaries, utilizing stage (mixing
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Fig. 2. Numerical domains and boundary conditions

plane) interfaces. The inlet is defined as a pressure
inlet with corresponding turbine head pressure, and
the outlet as a mass flow outlet with specific mass
flow rate, Walls are assigned automated wall functions
and a no—slip boundary condition, The boundary

conditions are given in Fig, 2,

3.2 Grid Independency Test (GCI)

Grid independence test is vital for precise fluid
domain simulations, Numerical grids were constructed
using tetrahedral meshing for complex stationary
domains using ANSYS meshing tools, while ANSYS
TurboGrid was used for runner blades, and stay vane
meshes, Multi—layered prism mesh employed at the
runner surfaces ensured boundary layer resolution
and adherence to orthogonal quality and aspect ratio
guidelines, Grid independence was assessed with the
Grid Convergence Index (GCI), a reliable Richardson
extrapolation—based method,[14] Three grids with
resolutions of 2,98 million, 1,7 million, and 0,7 million
were examined for the key variable (Power Output),
The GCI values between lower and higher grids were
0.26 and 0,15, respectively. The finest grid yielded
the lowest GCI value, confirming its optimality and

eliminating the need for further mesh refinements,

4. Results and Discussions

4.1 Validation

The initial gate turbine model is an improved design
of turbine developed by Park et al. (2018)™ for power
production in a marine waterway, The turbine develop—
ment involved several stages, Firstly, the CFD model
is validated with the experimental results of Park et
al. (2018)"', Secondly, the runner profiles, stay vane
profiles, and draft tube shape are extracted and scaled

to the required size for an ultra—low—head site, An
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Fig. 3. Validation of the numerical model with the experi—
mental data of Park ef a/, (2018)"

additional movable gate component is introduced to
create an artificial head, Finally, the gate turbine
model is developed with additional structural supports,

For the purpose of validation of the numerical
model, the CFD model of Park’s turbine is created
and tested using the same boundary conditions, Fig,
3 shows the comparison of the hydraulic parameters
of the turbine, The power and head obtained from
the steady model have a relative error of less than
4% while the efficiency has a relative error of 5%
compared to the experimental results., The CFD
model's validation shows reasonable agreement with

experimental results,

4.2 Initial model performance

The initial geometry of the gate turbine inspired
from its predecessor is developed and simulated using
a new CFD model to obtain the turbine performance
at the proposed site, The boundary conditions are
obtained from the site and from the results of our
previous study, "6) The initial turbine model produced
a power output of 40,09 kW at a head of 1,16 m,
rotation speed of 123 rpm and at a flow rate of about
4 m3/s_ The efficiency of the turbine was obtained
at 86.4%,. The internal characteristics of the turbine
are examined using the post processing tool to visualize

the flow behavior at the runner blades.
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Fig. 4. Velocity streamline distribution at runner suction side
colored by pressure

Fig. 4 shows the velocity streamlines distribution
along the suction side of the runner colored by the
pressure at the blade surface, It can be noted that, at
the leading edge (LE) of the runner, a flow separation
is observed for all the three blades, The pressure
falls below the ambient pressure leading to formation
of a low—pressure zone at the leading edge. The
low—pressure zone contributes to runner losses by
decreasing its capability to convert energy efficiently,
This is quantitatively estimated by plotting the blade
loading distribution along the blade surface at the
hub, mid and shroud spans in Fig, 5, The pressure
at the LE (Streamwise 0) drops to a low value for the

shroud span followed by the mid span, The pressure
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Fig. 5. Blade loading distribution of the initial turbine model
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drop is also observed at the trailing edge at the
shroud span however the magnitide at leading edge
is higher than at the trailing edge.

The long—term effect of such low—pressure zones
is the formation of cavitation bubbles and finally
leading to cavitation damage on the blade surface
thereby decreasing the lifespan of the turbine blade,
In order to address this issue, the runner shape
parameters must be corrected by conducting a para—
metric study on the runner inlet angles, Firstly, the
runner stagger angle was studied for the mid and
shroud span with a range of +5%. Secondly, the
runner leading edge beta angle was studied for the
mid and shroud span by modifying the beta angle
curve, The hub span is unchanged as flow losses are

not observed at this location,

4.3 Parametric study
4.3.1 Runner Stagger Angle

The variables chosen for the parametric study are
the runner stagger angle and runner beta angle‘[m
The stagger angle is varied by a range of 5% towards
the clock—wise and anti—clockwise by pivoting at the
center of the blade, A design of experiment (DoE)
technique is employed to generate several design
samples of the blade, A sample space of 12 designs
is created by a combination of stagger angle values
at the mid and shroud spans, The sample space is
generated using the Latin Hypercube Sampling (LHS)
technique, LHS generates random samples within
the design space, ensuring it meets space—filling
requirements, The quantity of samples produced by
LHS is not dependent on the number of design
variables, LHS is valuable for concentrating these
samples effectively within the design space, resulting
in accurate predictions of interactions within the

given space, Fig. 6 shows the LHS samples generated

Fig. 6. LHS sampling points for stagger angle

Table 2, Stagger angle samples for mid and shroud spans

Case Mid Shroud

Reference 0 0
1 —4.0909 —1.3636
2 —1.3636 2.2727
3 —2.2727 —4.0909
4 —0.45455 b)
5 5 —0.4545
6 3.1818 —3.1818
7 —3.1818 3.1818
8 -5 0.4545
9 0.4545 -5
10 2.2727 4.0909
1 1,3636 —2.2727
12 4.0909 1,3636

for the variables, The normalized values of the stagger

angle are given in Table 2,

4.3.2 Runner Leading Edge Beta Angle

Two control points on the leading edge of the
runner beta angle distribution profile are chosen at
the mid and shroud spans, The design variables
marked in green for optimization are illustrated in
Fig, 7. Bezier curves, which are smooth curves defined
by control points, are used to shape the profile
curve between two endpoints, To limit the number
of design variables, the chosen design variables are

adjusted solely along the vertical axis, A total of 4

2024, 3 Vol.20, No.1 121



Mohamed Murshid Shamsuddeen - Duc Anh Nguyen - Jin—Hyuk Kim

design variables are chosen, The sample space is
generated using the DoE technique, 2K factorial,
Factorial design is a widely used DoE technique that
generates sample points precisely at the design
space boundaries, Through statistical analysis, the
main effects and interactions between variables can
be assessed, The 2° factorial design is particularly
effective in providing accurate predictions at the
edges of the design space, A total of 8 samples are
generated for the 4 design variables and their
normalized values are given in Table 3, The angles
are varied by +5% where +1 indicates +5% change
and —1 indicates —5% change,

The hydraulic characteristics of the samples generated

through the two parametric studies are plotted using

8
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——RBeta mid span

-©-Bezier points shroud

25 - ©-Bezier points mid

Beta [degree]
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Fig. 7. Runner leading edge beta angle distribution and the
selected Bezier points

Table 3. Leading edge beta Bezier points at the mid and
shroud span

Case DVt Dv2 Dv3 Dv4
1 -1 -1 1 1
2 -1 1 1 -1
3 -1 1 -1 1
4 1 -1 1 -1
5 1 -1 -1 1
6 1 1 -1 -1
7 1 1 1 1
8 -1 -1 -1 -1
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efficiency vs power curve in Fig, 8. The variables
are normalized by the reference values, The stagger
angle parameter (P1) has widespread range of outputs
ranging from large power outputs to high efficiency,
The highest power output was obtained at an increase
of 32.47% for the Parameter 1, case 5 (P1,5), However,
the large power output comes at a cost of decreased
efficiency by 3.3%. The highest efficiency of the P1
designs is obtained at 0.97% (P1,3) higher than
reference model, The beta angle parameter (P2) shows
better performance than P1 designs, Two designs
namely, P28 and P2,3 shows higher efficiency of
1.56% and 1,35%, respectively, The power output of
these designs is —15.56% and +3.6%, respectively,
The rest of the designs fall within the visible range,

The lowest performing designs are (P1,8 and P1,9)
with decrease in both power as well as efficiency,
Interestingly, the stagger angle of both these designs
is towards the —5° boundary. The stagger angle
parameter aided in finding the design with high power
output but produced only two high—efficiency designs
high efficiency design, Comparatively, the beta angle
parameter produced 6 high efficiency designs with a
maximum efficiency of 87,74%, Therefore, it can be

inferred that the parameter 2 outperformed parameter

1.03
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P1,3 $2:3
1.01 + [ ]
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=
£ 11 " L ° =
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Fig. 8. Efficiency vs Power curve of the two parameters
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1 in terms of producing efficient runner designs, In
order to decide on the best runner design, the internal
flow characteristics of the designs P2,8 and P2,3
are studied and compared with the reference model,

The blade loading distribution of the selected designs
is shown in Fig, 9. The P28 model exhibits a decreased
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Fig. 9. Blade loading distribution comparison of the selected
designs

pressure value at the leading edge at all the three
spans while the P2 3 model shows a slightly larger
pressure value at the leading edge at the mid and
shroud spans, However, compared to the reference
runner blade, the low—pressure zone has been decreased
significantly in both the models, In the P2,8 model,
the pressure curve for the remaining streamwise
direction shows lower area between the pressure side
and suction side of the blade at all spans, The lower
the area under the blade loading curve, the lower the
power output from the runner, This is also observed
previously with a 15,56% decrease in power output
by the P2,8 design, In the case of P2 3 model, the
area between the pressure curves is larger than both
reference and P2,8 designs thereby producing an
increased power output of 3,6%,

The velocity streamlines along the runner suction
side colored by pressure are compared for the selected
models in Fig, 10, The large pressure drop is observed
at the leading edge of the runner in the reference
model is virtually diminished in the P2,8 model and
P2,3 models, This is due to the flow correction
occurring by adjusting the blade beta angle, The
velocity streamlines appear to be smooth curves as
compared with the reference model thereby decreasing
any flow separation at the runner leading edge,
Therefore, it can be said that the parametric study,
especially parameter 2 aided in obtaining a better

runner design with fewer losses,

Reference P28 P23

11547
(]

Fig. 10. Streamlines on runner surface colored by pressure
for the selected models
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5. Conclusions

A hydro turbine suitable for electricity production
from ultra—low—head sites is designed and tested
using computational fluid dynamics simulations, The
initial geometry is extracted from a similar turbine
and modified to suit to the ULH requirement of the
proposed test site, A 3—bladed axial turbine with a
Kaplan—type fixed runner along with stay vanes
and a draft tube are mounted on a hydraulic gate
structure that is capable of moving between a range
of inclination angles against the incoming flow, A
generator is installed inside the stay vane hub fully
submerged in the water making the turbine a compact
turbine easy for installation and transportation, The
initial design was tested using CFD simulations in a
previous study to obtain the initial turbine perfor—
mance, Pressure losses were observed at the runner
suction side at the leading edge thereby calling for
a parametric study on the runner shape parameters,
A parametric study involving the runner stagger
angle and runner inlet beta angle were studied and
the results are presented in this paper, The boundary
conditions required for the parametric study stated
in this paper were obtained from the previous study.
Two design variables for the stagger angle parameter
and four design variables for the beta angle parameter
were chosen for the study, Two design of experiment
techniques, namely Latin Hypercube Sampling and
2" factorial designs were employed to generate the
sample space for the study, A total of 12 samples
were generated for LHS and 8 samples for 2k partial
factorial designs, Steady state numerical simulations
were conducted on these selected samples and the
performance of the turbine was calculated based on
the head, flow rate, power output and hydraulic
efficiency, The stagger angle parameter succeeded

in generating runner designs with high power output
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but at low efficiencies. It was observed that beta
angle parameter had higher influence on the turbine
characteristics thereby producing high efficiency
designs, The pressure losses at the runner suction
side leading edge were decreased by 41,5% and
24.6% for the mid and shroud span respectively, As
a result, the turbine efficiency improved by 1.56%,
The gate turbine shows a promising technology with
a high efficiency and power output suitable for ULH

applications,
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