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Abstract

Low-head turbines are becoming an agricultural imperative due to their high
efficiency, low cost, ability to operate at low flow rates and minimal
environmental impact. Therefore, the Archimedes screw turbine (AST) can play
a leading role for producing electric power, especially in Pakistan's rural areas
where most of the places have less than 1 m head. In this research work,
performance evaluation of AST was carried out at different flow velocities in
terms of power coefficient and torque generated. Design parameters such as blade
width, blade pitches, and blade rotational angles are also used for performance
evaluation. For this purpose, computational fluid dynamic (CFD) analyses of AST
blades were conducted at different water flow velocities (e.g., 1, 1.5, 2, 2.5, 3, and
3.5m/s). ANSYS FLUENT was used for AST blade simulations using three
different design parameters such as blade width, blade pitch, and blade rotational
angles. Additionally, CFD simulations have inherent errors and uncertainties that
may lead to findings and deviations from their exact or real values. To prevent
these uncertainties and errors, an experimental study was also conducted to
provide validation for the CFD simulation results. The results revealed from CFD
simulations for optimized design parameters were then compared with
experimental data. From the results, it was examined that the numerical findings
were in good agreement with the experiment data. The highest power coefficient
and power output values were obtained under optimized design parameters such
as inner and outer diameter, blade pitch, blade width, blade rotation angles and
shaft length (e.g., 40 mm, 120 mm, 130 mm, 2 mm, 60°, and 850 mm respectively).
The findings can be useful to implement the AST unit for those places where the
available water head is ranging from 1 to 6.5m and a flow rate of 0.2-6.5m?/s,
especially for rural areas of Pakistan.
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1 | INTRODUCTION

Nowadays, developing countries are facing multiple
challenges to meet the energy demand and supply gap
around the world. It has also been studied that numerous
developing countries are facing energy and environmen-
tal issues. Carbon emissions have dangerous impacts on
the environment. Renewable energy sources are the best
solution to mitigate emissions and meet energy demands
compared to other energy sources. Also, renewable
energy is one of the most prominent energy sources to
fill the energy demand and supply gap. Among all
renewable energy sources, hydropower is the most
widely used energy source as it is a clean, safe and
emission-free source of energy. The developments of
micro-hydropower plants, especially low head turbines
have attracted more attention in recent years. Similarly,
about 22.8% of global power generation pertains to hydro,
wind, solar, and geothermal energy.' The extraction of
energy from water is also considered a useful sustainable
energy resource since it is a clean and emission-less
source of energy. However, the development of hydro
power in recent years represents that total hydropower
will increase to 1400 GW by 2035.2 In addition, large dam
sites require a lot of money and take about 5 or 6 years to
complete. So, many different ideas have been developed
such as energy harvesting from small rivers, canals, and
other irrigation streamlines and waste water systems.’
Therefore, the extraction of kinetic energy from flowing
water is new horizons for the use of water. Similarly,
instead of the potential source of gravitational energy, a
sustainable energy resource with a lower environmental
impact may be produced.*

Archimedes screw turbine (AST) is an emergent form
of micro-hydroelectric power generation system which is
widely used to generate hydroelectric power in those
areas where the available water is ranging from 1 to 6.5 m
and a flow rate of 0.2-6.5 m*/s.” The main component of
an AST is the Archimedes screw. An Archimedes screw
is made up of a series of interlaced helicoid planes
connected to a central cylindrical shaft. The screw is
contained within a trough that surrounds it. The screw
may usually spin freely inside the fixed trough since
there is a tiny space between the two. However, on rare
occasions the crib is directly attached to the screw flights
and rotates together with them. Water enters the top
(inlet) of an inclined AST and travels through the screw
from high elevation to low elevation. Then, it leaves at
the end of the screw (outlet). The water traveling along
the axial length of the screw is trapped between two
successive screw flights, which generate discrete volume
units known as buckets. The different water levels on
either side of the screw flights are caused by the slanted

orientation of the individual buckets relative to the screw
axis, which creates a net pressure difference across the
flights. Part of this pressure force acts tangentially to the
central axis of the screw due to the helical structure of
the flights. It further produces a torque that causes the
screw to mechanically rotate. This mechanical revolution
can produce power if a generator is fastened to the screw.
Computational fluid dynamics (CFD) is an important
tool that is widely used to examine the flow character-
istics and performance of hydro turbines. By using CFD,
gap flows, overflow flows and internal bucket flow
patterns can all be analyzed which can isolate factors
and provide a significant amount of information.®

Zitti et al.’” investigated the efficiency of hydro
Archimedes turbine using experimental approaches for
low tip speed ratio (TSR) regimes. In addition, they also
conducted a numerical simulation to assess the perform-
ance of hydro turbines. They also studied the perform-
ance curve of turbines in both aligned and inclined
configurations. Shahverdi et al.® developed an energy
harvesting model to generate electrical power by
combining the AST turbine and solar organic Rankine
cycle (ORC) system. An AST using a numerical approach
for mechanical power generation as an energy harvesting
technique is investigated. They took into account
variables such as screw inclination angle, number of
flights, and screw length. Monatrakul et al.’ presented
that the spiral hydro turbine's horizontal axis's spiral
blade angle has a substantial impact on its performance.
To ensure the turbine performs to its full potential in this
study, CFD analysis was also carried out. Li et al.'®
conducted a CFD analysis on the reversible pump
turbine impeller to look into the impact of hydraulic
force. It has been shown that the guide vane apertures
and operation circumstances have an impact on the
force's amplitude and prominent components. Bouvant
et al.'' evaluated the performance of AST in terms of
coefficient of power. The study examined the perform-
ance of AST with different variables such as inner and
outer diameter, blade inclination angle, and axle length.
They considered CFD simulations to examine the
interaction among the referred parameters on the turbine
performance. Shahverdi et al.'* developed a numerical
model to examine the performance of AST for replacing
in irrigation canals instead of current check structures.
They also validated and developed numerical models
with experimental results and found satisfactory evalua-
tions. Riglin et al."* developed a model with a variety of
optimization and characterization analyses at various
flow rates. Also, it was discovered that while manually
loading, the largest coefficient of power is 0.37 at a TSR
of 2.5m/s. Moreover, the relative error of 3.0% was
projected between the numerical and experimental
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findings. Yang et al.'* investigated the impact of blade
thickness to examine the effectiveness of the pump as a
turbine (PAT). Likewise, it looked into how turbine
performance varies with blade thickness. Dedi et al."
investigated and designed a small-scale AST using an
experimental approach. The study also conducted
performance analysis with different parameters such as
water flow ratio, inclination angles and rotation speed
using experimentally with respect to turbine power
output, torque, and efficiency. Dellinger et al.'® per-
formed a CFD analyses of AST and experimental
analyses to examine the performance of AST turbines
at different variables such as inclination angles and
number of blades. It found good agreement between
numerical and experimental results. Daskiran et al.'’”
carried out a CFD investigation on a vented micro
propeller turbine operating in both design and off-design
conditions. Similarly, it is observed that tiny propeller
turbines may be employed effectively for aeration under
various operating circumstances. Riglin et al.'® examined
the two diffuser designs with value area ratios of 1.36 and
2.01 based on CFD research. Moreover, a 55.8% increase
in output mechanical power was noted. Teran et al.'’
carried out a CFD study to create a new geometry with
higher efficiency. The projected efficiency of the revised
geometry created by the CFD study was 14.77%.
Erinofiardi et al.?® carried out performance analysis of
screw turbine using the experimental approach. It was
examined that the screw turbine can generate 1.4 W of
maximum power with 49% efficiency at a 22° angle of
inclination with an outer diameter of 142 mm and water
flow rate of 1.21/sec with a head of 0.25 m. Kozyn et al.*!
presented a complete model of power loss for an AST
which was used for power generation including a
nondimensional model to predict power losses due to
outlet submersion flooding. Lee et al.** started a study
with a conceptual design based on literature review
findings. The STUDY built and tested the AST in the
experimental laboratory to examine the performance of
turbines. Lisick et al.** presented the approach for the
community by effectively maximizing the AST's design
and operation for a given installation's overall rate of
return. Liu et al** proposed a workable regional
integrated energy system that maintained high use of
photo thermal resources while generating steam from
CHP to fulfill both electric and heat demands. They also
created a model of a 600 MW CHP with a screw turbine
and pressure matcher in Ebsilon Software. Piper et al.*®
suggested acoustic and passive integrated transponder
telemetry, as well as dual frequency image sonar, to
investigate the impact of an AST and accompanying fish
passes on the movement patterns and behavior of five
species of potadromous fish. Rohmer et al.?® discussed an

optimal sizing of AST based on a previous study. Then,
they proposed a numerical model to determine the
mechanical efficiency based on its geometrical configu-
ration and its rotational speed. Siswantara et al.*’
examined the impact of alpha angle on the performance
of the AST using an experimental approach. They
performed the experimental analyses with discharge of
0.00106 m*/s and the angles between ranging of 36° and
44° and three different loads. The study also examined
the causes of overflow that was lost at different angles.
Kamal et al.®® explored the efficient conversion of
traditional water mill into micro hydropower system in
western Himalayan region of India. They conducted
experimental study to design and investigation of
performance of micro hydropower system. They exam-
ined from the revealed outcomes that the screw angle
ranges 20°-25° and flow rate less than 1.5 L/s enhanced
the efficiency of hydropower system up to 90% using
Archimedes Screw mechanism. Adeel et al.?’ presented
the study using CFD analysis on 3D numerical simula-
tion of water flow stable turbulent in the passage of an
AST. They performed numerical simulations with differ-
ent number of turbine blades using ANSYS FLUENT.
Kamal et al.’*® conducted a comprehensive feasibility
analysis for conversion of existing traditional watermills
in Western Himalayan region of India to micro-
hydropower plants using a low head AST for rural
electrification. They investigated that it is quite feasible
and economical to use existing watermills for power
generation using AST. Neeraj et al.*' conducted experi-
mental study to examine the performance of AST at
different input parameters. The experimental study
revealed that the maximum efficiency of 74.27% is
observed at 22° with flow rate of 1L/s and load of
0.9kg. They also examined that the maximum power
output at given parameters is 0.00577 kW at load of 0.9 kg
and flow rate of 4 L/s and tilt angle of 25°. Finally, it is
concluded from the study that it is feasible to install AST
at low head sites with low tilt angle and heavy load. Man
et al.”* conducted a performance analysis using experi-
mental approaches with different operating parameters.
Primarily, the study finalized the conceptual design
based on existing literature review and then created a
prototype of the laboratory setup. Afterwards, they
carried out experiments at different parameters such as
inclination angle and water flow velocities. The results
revealed the optimum outcomes at an inclination angle
of 45° with water flow velocity of 1-1.5 m/s. According to
the aforementioned literature, most of the studies are
presented related to hydropower, which has focused on
energy conversion in the presence of high head and
larger flow rates. Since most of the turbine systems have
been fabricated on a large scale. There is limited studies
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were found related to micro-hydro turbine systems
which produce power in the low head and free stream
flow condition. In addition, it has been studied from the
current literature that most of the authors have worked
on some aspects of geometric parameters such as number
of blades and inclination angles, and so forth. A study of
all process parameters and geometric matrices has not
yet been performed e.g., flow velocities, blade width,
blade rotational angles, and blade pitch to examine the
performance of the AST.

In this research work, designing, prototyping, and
performance evaluation of AST turbine with different flow
and geometric parameters such as flow velocity, blade
width, blade rotation angles, and blade pitch are
investigated. For this purpose, CFD simulations were
performed at different flow velocities and different
geometrical parameters such as blade pitch, blade width,
and blade rotational angles to observe the flow character-
istics such as pressure distribution, velocity distribution,
and flow rates. The ANSYS FLUENT was used for the
CFD simulations. CFD simulations allow the control and
precise determination of parameters that cannot be
directly observed in the experimental approach. Therefore,
in CFD simulations, the influence of changing flow and
geometric parameters can be clearly observed. To reduce
some uncertainties and errors in the exact or real values,
an experimental study was also conducted to provide
validation for the CFD simulation results.

2 | DESIGN CONSIDERATION
AND PERFORMANCE
PARAMETERS

The solid design consideration plays an essential role in
the performance evaluation of AST. Therefore, an
appropriate design scheme and description of perform-
ance parameters are necessary to execute. Most of the
cases, AST only possess potential energy of the fluid to
measure hydraulic power possess by the water at some
height. The following relation is useful as in the
following equation (1):

Pryq = pgQH, 1)

where p is the water density, g is the gravitational
acceleration, Q represents the volumatic water flow rate,
and H is head available for water. So, the mechanical
brake power can also be calculated by a given relation as
in the following equation (2):

27N Tycrew

Brech = 60

()

where N is the rotational speed of the turbine rotor,
Tscrew 1S the torque generated by the rotor. In addition,
hydraulic performance can be found in the given relation
as in the following equation (3):

— Pmech — 27TNTécrew (3)
Phrya PgQH60

The screw's performance is mostly determined by the
various losses in the screw. There are several losses,
including viscous friction of the water on the turbine
surface, leakage flow via the space between the blade and
the trough, and overflow of water through the central
cylinder available in the water when struck on the
turbine surface. Furthermore, the total flow Q, which can
be expressed as in the following equation (4):

Q = Qw + Q1 + Qovers (4)

where Q) is the flow rate of water from leakage, Qgvyer iS
the overflow volume flow rate and Q,, is the working
flow rate which can be contributed for power generation.
The working volume flow rate can be calculated based on
the relation given in the following equation (5):

Vle’l
=" 5
Qw 0 ©)

where V, is the trapped amount of water between two
successive blades in the turbine unit. The values of Cp, Ct
and power output were calculated as expressed in
Equations (6), (7), and (8), respectively.

CP — Pmech
%,OAV3’ (6)
T
CT = 7’
%pAVzR (7)
Brech = T X , (8)

where C, and Cr represent the power coefficient and
torque coefficient. Equally, both are the performance
parameters which are used to evaluate the performance
of turbine, where p is the water density, V is the flow
velocity, A is the surface area of the turbine runner, and
R is the radius of the turbine runner. According to the
current literature, the Betz criterion has a maximum
allowable value of power coefficient of 16/27. TSR is a
dimensionless parameter that describes the rotational
speed of the turbine blades in proportion to the velocity
of the fluid and propels the turbine blades. TSR is an
important parameter which helps to determine turbine
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performance. It indicates how rapidly the turbine blade
tips are moving in relation to the speed of the water.
After the modification, TSR helps to optimize the turbine
performance at different flow conditions. The mathemat-
ical relation of TSR is given in the following equation (9):

wR
TSR = —, 9
v 9

where R is the radius of the turbine blade, w is the
angular velocity of the turbine blades, and V is the flow
velocity of the water.

3 | MATERIALS AND METHODS

Figure 1 demonstrates the research scheme of the current
study. There are three different phases developed to carry
out research work. In the first phase, a conceptual design
of AST unit and found optimized design parameters
using CFD approach. In the second phase, a prototyping
and experimental study was conducted based on an
optimized design of the AST unit. The findings revealed
from CFD simulations and experimental data were
compared to validate the results.

3.1 | AST fundamentals

The AST consists of one or more helical blades with
inner and outer diameters of (D; and D,) and a
cylindrical shaft with length of L. The blades are typically
welded to the cylindrical shaft and may be inclined at an
angle to the axis. The geometrical specifications of the
AST blade are presented. The assumptions were estab-
lished on the Cp values determined for aligned and
inclined setups and provided by Zitti et al.” So, more
studies and experimental model testing are needed to
properly examine the potential use of this type of turbine
in hydrokinetic applications. A number of parameters
defining the AST geometry are included along with the
literature-reported values for each, given in Table 1.

3.2 | AST blade selection

The selection of turbine blades is most important to obtain
maximum power and improve turbine performance. In this
work, the optimization of the geometric parameters of the
AST blade was carried out using the CFD approach. The
independent parameters range for the AST blade is listed in
Table 2. Solidworks was used to create a 3D CAD model of
the AST blade as shown in Figure 2.

3.3 | Flow analysis

The hydraulic load and velocity distribution on the AST
blade surfaces are computed using CFD modeling of
AST. The parts that follow provide a quick overview of
CFD modeling.

3.3.1 | Physical model
The initial stage in CFD simulation is the construction of a
3-D physical model as illustrated in Figure 3. With ANSYS
Fluent Design Modeller, a computational domain is
constructed and an AST blade is located within it. To create
a finer mesh near the turbine blade, the domain was further
separated into the rotary domain and turbine domain.
Figure 4 displays the 2-D view of computational domain.
After creating the computational domain in ANSYS
Fluent design modeler, it is necessary to generate
appropriate meshing to attain accurate results.” In this
study, the unstructured and tetrahedron meshing was
used due to the complexity of the turbine blade. The total
number of elements and nodes is 400,634 and 78,291,
respectively. To maintain a fair balance between accu-
racy and computing costs of the solution, the mesh was
improved on the AST's surface. Figure 5A,B demon-
strates an illustration of the front and side view of
meshing utilized in the numerical simulations.

terature Review

Conceptual Design )

— Prototyping and experimental analysis

Phase3 [ Svalidate

End

FIGURE 1 Research scheme of the study.
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TABLE 1 Geometrical specifications and their values of AST blade from current literatures.
Blade Inner diameter, Outer diameter, Length of Blade pitch,
References Application angle, « (°) D; (m) D, (m) blade, L (m) P (m)
Zitti et al.” Hydrokinetic 70 0.04 0.1 0.320 0.160
Turbine
Stergiopoulou et al.*>  Hydrokinetic 90 0.1 0.2 1 0.2
Turbine
Siswantara et al.*? Hydro Turbine 90 0.16 0.3 2.09 0.251
Dellinger et al.® Hydro Turbine 90 0.106 0.192 0.4 0.192
Madrid et al.** Hydro Turbine 90 0.696 1.3 5.739 2.241
Piper et al.*® Hydro Turbine 90 = 2 5 =
Kozyn and Lubitz Hydro Turbine 90 0.1683 0.3252 1.229 0.033
et al.”®
Shahsavarifard et al.>>  Hydrokinetic 60 0.21 1.06 2.87 0.637
Turbine
TABLE 2 Independent parameters range for Archimedes screw turbine blade.
Values
Minimum Medium Maximum
Design parameters value, —1 value, 1 value, +1
Axl length, L, mm 700 850 1000
Blade pitch, P, mm 100 115 130
Blade width, b, mm 2 4 6
Axl Length, L
Blade Pitch, P Blade In;:llnatlon. a

Di ——

.

FIGURE 2 Geometrical specifications of Archimedes screw turbine blade.

3.3.2 | Governing equations and boundary
conditions

The Reynolds number can be used to characterize the
flowing field in the river near the turbine zone. The
Reynolds number is expressed as follows in the following
equation (10)*°:

oU,D
Re= , 10
u (10)

where Re denotes the Reynolds number, p is the fluid
density, U, is the free stream velocity, D is the
diameter, and u is dynamic viscosity. The numerical

calculations were undertaken with Reynolds numbers
of 14.33 X 106 for the outer diameter of the computa-
tional domain and 1.02 X 106 for the turbine runner tip
diameter. The most useful turbulence model, the K-w
SST, is used for numerical simulation, which solves
two independent transport equations to determine
specific dissipation rate and turbulent kinetic energy.
To run numerical simulations, the following assump-
tions are made: it has a three-dimensional stable state
and incompressible flow as given in Equations (11) and
(12).

Equation of conservation of mass:

V-u=0. (11)
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Rotary Domain

AST Blade

FIGURE 3 Three-Dimensional view of computational domain.

- 20 Do -

Wall

Inlet
Outlet

— 4Do -—‘

‘ Wall

FIGURE 4 Specifications of computational domain.

FIGURE 5 Mesh around the Archimedes screw turbine blade. (A) Front view and (B) side view.

Equation of conservation of momentum source. The equation of turbulence kinetic energy is as
follows in Equations (13) and (14):

p(a_u +u- Vu) =—-Vp + V-1 + Sy, (12)

ot % Uj% =7 ou _ ﬁ*kcu
ot 0Ox; 0x;
where u is representing the velocity vector, p shows the 5 5 (13)
density, ¢ denotes the time, p shows the pressure, 7 + —|(v + ova)—}.
represents the stress tensor, Sy is showing momentum Xj 0x;
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where science

Equation of specific dissipation rate

() + U]a_w = aS? — fw® + 2 o+ UwVT)a—w
ot 0x; 0x; 0%; (14)
+ 2(1 _ Fl)awzl%a_w’
w OX;j OX;

where k represents the turbulence kinetic energy, w
denotes the specific dissipation rate, a is showing the
closure coefficient, S shows the mean rate-of-strain
tensor and F; is showing the blending functions.

3.3.3 | Mesh independence
A suitable mesh density plays an important role to get
accurate solution since the computational cost and
precision of the solution is highly dependent on the
number of elements. In this research work, mesh
independence studies are carried out at various
refinement levels up to a point where there is no
major variation in the solutions. To comprehend the
mesh independence study, the simulation process is
repeated with various mesh refinement levels. The
various mesh refinement levels are listed in Table 3. To
evaluate the mesh independence, the hydraulic load
computed from a CFD simulation on the AST blade is
nominated to vary the with altered mesh refinement
level. The effect of mesh sensitivity on altering
hydraulic load with various mesh refinement levels is
depicted in Figure 6. The main purpose of this mesh
independence study is to deliver the sensitivity of the
findings after simulation.

The selected mesh refinement level of 4 is used for
CFD analysis. It has the number of elements of 400,634
and number of nodes of 78,291 with an average

TABLE 3 Description of mesh study for computational fluid
dynamic simulations.

Mesh

refinement Number of Number Hydraulic
level element of nodes load (kPa)
1 72,510 22,540 2.3485

2 129,678 38,610 2.3098

3 199,624 58,020 2.2871

4 400,634 78,291 2.2912

5 492,142 96,632 2.2885

6 575,411 102,649 2.2895

7 615,152 150,656 2.2900

orthogonal quality, aspect ratio, and skewness of
0.85, 1.82, and 0.22, respectively. According to mesh
independent study results, the refinement level 4 is
considered the best mesh and within the acceptable
range for CFD simulations to ensure the accuracy of
hydraulic load estimation at appropriate computa-
tional cost. The comparison of mesh quality with
current literature is also listed in Table 4. In addition,>’
performed a mesh independence test for CFD analysis
in HSHKT, and 181,627 with average aspect ratio,
skewness, and orthogonal quality of 1.96, 0.25, and
0.84 were nominated. It is explored whether or not the
computational results agree with the experimental
results. Therefore, the current computational results
are within an acceptable range. Similarly,” conducted a
grid independence test for CFD analysis of propeller
turbine runners and selected 4,080,993 total numbers
of elements having skewness, aspect ratio, and average
orthogonal quality of 0.23, 1.79, and 0.82, respectively.
Therefore, the presented mesh parameters are within
acceptable range.
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FIGURE 6 Variation of hydraulic load with different mesh

refinement level.

TABLE 4 Comparison of mesh quality with current literature.

Mesh Average Average
parameters/ Average aspect orthogonal
paper skewness ratio quality
Dinesh Kumar 0.25 1.96 0.84

et al.>’
Wagas et al.” 0.23 1.79 0.82
Present study 0.22 1.82 0.85
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3.4 | Simulation procedure

CFD analyses of AST turbine blades are performed to
compute the hydraulic load and examine the perform-
ance of turbine blades at different geometrical parame-
ters. Initially, CFD analysis was accomplished to
compute the hydraulic load on the surface. Then,
the power output and other performance parameters
are computed such as power coefficient and torque
coefficient. Furthermore, for the diffusion term, the
second order central differencing scheme was employed,
and for the convection term, the second order upwind
method was used. To achieve the pressure velocity
iteration, the SIMPLEC algorithm was used. The overall
pressure on the inflow border is determined by the water
head. The static pressure is specified at the output
boundary. The boundary condition of non-slip is used. In
the case of a rotating wall, the rotational speed is also
supplied. To accomplish solution convergence within a
suitable limit, the residuals in the solution iteration
are adjusted to 3-6 for solution convergence. The
iterative approach is used to solve algebraic equations.
The answer in the current investigation converges within
the acceptable limit after 500 iterations. The flowchart
of the methodology is shown in Figure 7.

Initiate

Sizing/Adjustments/Selection of Material of AST Blades

Creation of 3D model of AST Blades in Soilidworks in
conformance with the dimension obtained in previous step

NO
v
Is Assembly Proper?
YES
Import geometry in ANSYS and generate
meshing
NO
Is Mesh Quality Acceptable?
YES

Input Boundary condition and initial condition CFD
Simulation software

v
Flow Simulation using ANSYS Fluent

YES

Results/Conclusion

FIGURE 7 Numerical methodology flowchart. AST,
Archimedes screw turbine; CFD, computational fluid dynamic.

4 | EXPERIMENTAL APPROACH

The experimental data was obtained from the low head
AST unit which was set at the open water flowing
channel as shown in Figure 8. The experimental system
contained different components such as AST blade, AST
frame, dynamo generator, chain and sprocket system,
inlet, and discharge section. The experimental setup is
placed within the open water flowing channel and makes
it flexible at a specific water head for experimentation.
The flowing water is directly come from the tube well
which is flowing in the open channel and discharged
from the discharge section. In a tube well discharge, a
plate is placed to open the tube well discharge hole with
different proportions such as 10%, 20%, 40%, 60%, 80%,
and 100% and then determine the flow velocity
accordingly. There are two universal bearings attached
to the upper and lower sides of the AST turbine shaft
which supports the AST screw shaft. In addition, a curve
sheet and supporting frame which allow the water to
move downstream from upper reservoir to lower reser-
voir. The 2 mm gap was set between the curve plate and
AST blades which allow the AST unit to extract
maximum kinetic energy from the flowing water.
Table 5 represents the dimensions of the AST unit and
other details in this study. Moreover, a dynamo generator
with adjustable frequency drive was attached directly to
the upper side of the AST unit. A load cell was devoted
mechanically to the arm and an adjacent fixed point to
the testing system frame. Because the load cell was the
only method of preventing the gear motor from freely
turning, the tension force measured by the load cell
multiplied by the moment arm equalled the shaft torque
generated by the screw and gear motor combination. The
rotation speed of the screw was determined by passing a
rare earth magnet affixed to the top of the screw's inner
cylinder through a fixed magnetic switch multiple times.
Water levels and flow in the system were changed for
each performance measurement and then the system was
given time to reach equilibrium. Over a 1-min average
period, torque, rotation speed, water depths, and total
flow rate through the system were all measured. In all
testing scenarios, the water level in the open water
flowing channel was left to change as needed to supply
the requisite flow velocities into the screw.

5 | RESULTS AND DISCUSSION

Following the steps in Figure 7, the impact of various
parameters such as blade width, blade pitch, and rotation
angles on the performance of AST were investigated at
different flow velocities.
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TABLE 5 Technical specifications of turbine parameters and

their values.

Parameters Values
Blade slope, 8 10°, 15°, 20°
Outer blade diameter, D, 120 mm
Inner blade diameter, D; 40 mm

Blade pitch, p
Number of blade screws, N
Gap thickness, G;

Blade screw length, L

100, 115, 130 mm
1
2 mm

700, 850, 1000 mm

Materials Mild steel
Elevation, H 1m
Flow rate of pump, Q 10-80 LPM
Ambient temperature, T 25°C
Humidity, RH 55%
Water flow velocity, U 1-3.5m/s

5.1 | Research findings and numerical

validation

Front view

The experimental investigation of AST was conducted at
different flow velocities such as 1, 1.5, 2, 2.5, 3, and
3.5m/s. The revolutions per minute (rpm) generated by
the experimental setup was measured using a digital

FIGURE 8 Experimental setup of low head
Archimedes screw turbine power generation
system.

tachometer. It was found from the experimental investi-
gation that the flow and inclination angles greatly
impacted by the rpm generated and the performance of
the AST. Figure 9 represents the variation of power
coefficient and torque with different flow velocities. It is
evident from obtained results that by increasing the
water flow rate would increase the system's kinetic
energy. Hence, this will increase the rpm produced by
the AST shaft. It was also examined from experiments
that the rpm generated by AST decreases with the
increasing of inclination angle except for 15° which
shows maximum rpm. The results are consistent with
those of Muller et al. and Dellinger et al., whose
investigations also disclosed a tendency for efficiency to
decrease with increasing turbine pitch angle.'® However,
it was further found, other parameters such as blade
width, blade pitch and blade rotational angles are also
important for design consideration. Findings from
experimental investigation that the maximum turbine
power coefficient of 0.51 and maximum torque of 2.8 Nm
is achieved at blade width of 2 mm, blade pitch 130 mm
and blade rotational angle 60° with water flow velocity of
2 m/s. The summary of optimized parameters is listed in
Table 6.

The main aim of this paper is to examine the impact
of blade pitch, blade width and blade rotational angle
with different flow velocities. In addition, the influence
of blade inclination angles were also evaluated at
different flow velocities in the experimentation process.

95U217 SUOLULWOD SAIE8.1D) 3|l |dde ay) Ag pousenob afe ssjdiLe VO ‘8sN J0 S3|nJ Joj Aelg1 8UIIUO 8|1 UO (SUOTIPUOI-pUe-SWS)W0d A3 | Alelg /Ul |Uoy/:Sdiy) SUOIPUOD pue SWe | 84} 89S *[202/T0/62] Uo Aeiqiaulluo AS|IM ‘159 L Ad 6¥9T '€959/200T 0T/10p/wWod AS | 1w Aleuq 1l |uoy/:sdiy Wody pepeojumod ‘0 ‘0500502



ABBAS ET AL. (@) | 11
SCli
(A) 0.50 T T T T T T T T T (B) i v L ¥ ! '
. 1.75 | ! i
—o0—Exp —o—Exp 0
Q o— CFD o—CFD o
045 -1 1.50 | / |
A 7
o e \\ o /
- /
o \ o 125 % -
0.40 X - d
o /,/' \\11 E ///
035 | J y
q 0.75 | ]
\\ r /8/ 7
N\ ° 050 F / -
0.30 + \ |
\\» - 8/
025 | © -
025 1 2 L N 1 & 1 L 1 1 1 " 1 " 1 1 1
1.0 1.5 2.0 25 3.0 35 1.0 1.5 2.0 2.5 3.0 3.5
U (m/s) U (m/s)
C D
( ) 0 6 T T T T T T T ( ) 06 T T T T T T L T
—o0— P =100 mm —0— 2 mm
o—P=115mm —o—4 mm
osr gt —4—P =130 mm o3 /D\\ —4—6mm
J —Q Y - i - N
W A A e S~
& o BTN N
o P o) 0
04+ j_/_/,/cr Q A E 04} o7 Y ]
o ~\ O.// ; . O i
@ i \ n Q} X Sy A‘_ 0
03 b 4 03} 4
. © AN
\,3\ "
02} . . 02} |
01 1 1 1 1 1 1 1 01 1 1 1 1 1 1 1
0.0 0.2 04 06 08 1.0 12 1.4 00 0.2 0.4 0.6 0.8 1.0 1.2 14
TSR TSR
(E) 06 T T T T T - T T
—0 00
—— 300
05 | & A—60°
A o— A
04 IS < “ 4
o B _D/,-/D\\ n
6‘* o N SN N
o
03} L 8 -
\\“"u
02 .
01 1 1 1 1 1 1 " 1
0.0 0.2 0.4 06 0.8 1.0 1.2 1.4
TSR

FIGURE 9 Comparison of experimental and computational fluid dynamic simulations results. (A) Power coefficient versus flow

velocities, (B) tangential force versus flow velocities, (C) power coefficient versus tip speed ratio (TSR) for blade width, (D) power coefficient

versus TSR for blade width, (E) power coefficient versus TSR for rotational angle.
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TABLE 6 Summary of optimized design parameters and its
values.
Parameters Optimum values
Slope, 8 15°
Outer diameter, D, 120 mm
Inner diameter, D; 40 mm
Pitch, p 130 mm
Number of screws, N 1
Gap thickness, G; 2 mm
Rotation of turbine blade 160 rpm
Power coefficient, C,, 0.51

The outcomes obtained from CFD simulations were
validated with experimental outcomes to ensure the data
provided by the simulations was consistent. Precisely, the
values of power coefficient and torque were compared to
experimental outcomes for different flow velocities.
Figure 9 represents the comparison of experimental
and CFD simulations outcomes with different flow
velocities. It can be seen from the computed results that
the CFD simulation results is validated with experi-
mental results with less than 5% error. Figure 9A shows
the relationship between pressure coefficient and flow
velocity. The trends show that when the pressure
coefficient is sufficient, then the flow velocity is normal.
Therefore, the correlation between simulation and
experiment has coincided which validates the results.
Likewise, Figure 9B shows the trends where on the
maximum tangential force and the velocity of the water
has an equal quantitative effect. Moreover, the relation-
ship between power coefficient and TSR is shown in
Figure 9C-E. This specific link pertains to the discussion
of the influence of various specific parameters such as
flow velocities, applied pressure, and rotation angle. The
simulation results are in good correlation with the
experiment results due to the sufficient tangential force
using specific boundary conditions.

5.2 | Impact of blade width

CFD analyses of three different AST blades such as 2, 4,
and 6 mm were performed at different flow velocities.
The predicted performance curves of AST are shown in
Figures 10 and 11 according to CFD simulations
outcomes. According to computed results, power
coefficient increases up to 2m/s flow velocity and then
decreases. The main reason behind this higher value is
due to increment of rotational torque due to increasing
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FIGURE 10 Variation of power coefficients with different flow
velocities at different blade widths.
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FIGURE 11 Variation of power torque with different flow
velocities at different blade widths.

water flow velocity. When the water flow velocity
increases, the rotational torque of turbine blade is
lowered down after a specific flow speed. The other
main reason behind this variable graphical trend decre-
ment is due to the filling of blade surface and the turbine
blade rpm to decrease. Moreover, it has been revealed
that the power coefficient rises as blade width falls. The
blade width of 2mm in Figure 10 produces the best
results in terms of power coefficient. The similar
behavior was also observed in some of the previous
research articles such as Yang et al.'* and Waqas and
Ahmad.” The maximum and minimum values of power
coefficient of 0.51 and 0.47 were observed as blade width
of 2 and 6 mm, respectively. It was also found, with
increasing flow velocity, the hydraulic load produces
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more torque. It follows that to increase the performance
of a hydraulic turbine, the blade width should be as
narrow as is practical while maintaining a sufficient level
of strength. Similarly, it was also examined from
Figure 11 that maximum torque was generated for blade
width of 6 mm and minimum torque was examined for
blade width of 2mm. The main reason behind this
incremental value of torque for 6 mm blade width is due
to the larger inertial force generated in 6 mm blade
width case.

ANSYS fluent was used to perform the AST CFD
analysis. The pressure distribution on the turbine runner
surfaces reduces as the flow velocity decreases due to
hydraulic load varies depending on operating conditions
as shown in Figure 12. At a free stream velocity of 3.5
and 1.0 m/s, the highest pressure acting on the runner
surface is 7.451 kPa and the minimum is —17.90 kPa. The
pressure distribution on the turbine surfaces is irregular.
As a result, the maximum pressure is recorded at the
input and the smallest pressure is observed at the outflow
of the runner. The pressure difference between the high
and low pressure sides grows as the flow velocity of the
water increases.

Moreover, flow velocity streamlines were also ana-
lyzed as shown in Figure 13. It can be seen that
maximum flow velocity was observed at the edges of
the turbine blade and minimum flow velocity was near
the central rotating shaft. The vertexes can be observed
around the helical shape of the blades. It can also be
observed that maximum vertexes were observed at outlet

Pressure ' '
Contour 1

[ 7.451e+03 v

4.916e+03 Vi,
- 2.380e+03 m
-1.548e+02
-2.690e+03 U=3.5m/s
-5.225e+03
-7.760e+03 &
-1.030e+04 v ¥ g
-1.283e+04 v
I -1.537e+04 v v .
-1.790e+04 v ¢
[Pa]
U=2m/s

of the turbine blades. Thus minimum flow velocity can
be seen at outlet of the turbine blades.

5.3 | Impact of blade pitch

The impact of blade pitch is also an important parameter
which strongly impacts on the performance of turbine. In
this study, the impact of blade pitches on the performance of
AST at different flow velocities. For this purpose, experi-
mental and numerical simulations were performed. CFD
analyses of three different blade pitches such as 100, 115, and
130 mm were performed at different flow velocities such as
1, 1.5, 2, 2.5, 3, and 3.5 m/s. Figures 14 and 15 represent the
expected performance curves of AST according to CFD
simulation outcomes. These figures show that power
coefficient decreases with flow velocity. Moreover, it has
been examined that the power coefficient rises as blade pitch
increases. The blade width of 130 mm produces the best
results in terms of power coefficient as shown in Figure 14.
A few researchers examined the same research behavior and
introduced the impact of blade pitch such as Bouvant et al."*
and Shahverdi et al.*® The maximum and minimum values
of power coefficients of 0.51 and 0.44 were observed as blade
pitch of 130 and 100 mm, respectively. It was also examined
how the hydraulic load produces more torque as the flow
velocity increases. Furthermore, the variation of torque
generated at different flow velocities were also represented in
Figure 15. It can be observed that the value of torque
increased with water flow velocities. The more water flow

i (&
'y, v .
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FIGURE 12 Pressure distribution on runner blade surfaces for blade width of 2 mm.
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FIGURE 13 Flow velocity streamlines along the turbine blades for blade width of 2 mm.
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FIGURE 14 Variation of power coefficients with different flow
velocities at different blade pitches.

the torque increases, which may increase the power out at
the turbine shaft which ultimately enhances the power
output. It can be also examined that maximum torque was
observed at a blade pitch of 130 mm and minimum was at
100 mm. The main reason behind this increment in torque
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FIGURE 15 Variation of torque with different flow velocities
at different blade pitches.

value is that the more the distance between the one of blades
to other adjacent blades, the more water entrapped the
blades and generates more power. The maximum water
energy can be converted into useful mechanical work by
increasing the blade pitch.
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Similarly, pressure distribution on the blade surfaces
was investigated at various flow velocities. The pressure
distribution on the turbine blade surfaces reduces as the
flow velocity decreases, as seen in Figure 16. Maximum
pressure was also noticed in the inlet section of the blade
due to higher hydraulic load at the inlet of the turbine
blade. At a free stream velocity of 3.5 and 1.0m/s, the
highest pressure acting on the runner surface is 7.263 kPa
and the minimum is —17.61 kPa. The pressure distribution
on the turbine surfaces is irregular. As a result, the greatest
pressure is recognized at the runner's inlet and the
minimum pressure is perceived at the runner's outflow.

In addition, flow streamlines over the turbine blades
were also observed at different flow velocities, it can be
examined that maximum flow velocities can be observed
at outer side of the turbine blades and minimum near the
central shaft of the turbine. The streamlines were also
examined along the turbine blades. It can be seen from
Figure 17 that maximum streamlines are shown in
helical shape of the turbine and some streamlines are
shown at outer side of the turbine blades. This is because
of the gap between the turbine blades and the outer body
of the turbine unit. This may lose some hydraulic energy
which can be reduced by decreasing the gap between
turbine blades and outer body.

5.4 | Impact of blade rotational angle

Rotational angles of turbine blades also greatly impacted
the performance of turbines. In this study, CFD analyses
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of AST were conducted at three different rotational
angles such as 0° 30° and 60° with different flow
velocities. The performance curves of AST according to
CFD simulations outcomes are represented in Figure 18.
It is evident from Figure 18 that the maximum power
coefficient was observed at 60° blade rotation. The reason
behind this increment at 60° is due to maximum contact
area exposed to water inlet. The maximum contact area
exposed to water inlet recovers maximum hydraulic
energy from the water inlet. Therefore, maximum power
coefficient is achieved as compared to other blade
rotational angles. In addition, it can also be seen that
power coefficient increases till flow velocity of 2 m/s and
then decreases. A similar phenomenon was observed and
explained in previous studies.” Maximum value of
power coefficient of 0.49 was observed at a flow velocity
of 2m/s and 60° blade rotation angle. Similarly, a
minimum power coefficient of 0.41 was examined at a
blade rotation angle of 0°. In addition, variations of
torque with different flow velocities and blade rotation
angles were represented in Figure 19. It can be seen from
the investigations that torque is increased with the flow
velocity and maximum torque was observed at 60° blade
rotation angle. The maximum and minimum values of
torque of 1.7 and 1.58 Nm were computed at blade
rotation angle of 60° and 0°, respectively.

In this study, CFD analysis of the AST was carried out
using ANSYS FLUENT. It is obvious from Figure 20 that
when the flow velocity drops, the pressure distribution
on the turbine runner surfaces also decreases. Since the
hydraulic load depends on different operating conditions.

U=2.5m/s

U=1.5m/s

FIGURE 16 Pressure distribution on runner blade surfaces for blade pitched of 130 mm.
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FIGURE 17 Flow velocity streamlines along the on turbine blade for blade pitched of 130 mm.
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FIGURE 18 Variation of power coefficients with different flow
velocities at different blade rotational angles.

At free stream velocities of 3.5 and 1.0 m/s, respectively,
it is noted that the highest pressure acting on the runner
surface is 8.297 kPa and the minimum is —14.04 kPa. The
pressure distribution is not homogeneous throughout
the turbine surfaces. Therefore, it is also shown that the
runner's intake and outflow have the highest and lowest
pressures, respectively. As the water's flow velocity rises,

T (Nm)

1.0 1.5 2.0 2.5 3.0 3.5
U (m/s)

FIGURE 19 Variation of torque with different flow velocities
at different blade rotational angles.

the gap between the sides of high and low pressure
widens.

In addition, Figure 21 represented a velocity distribu-
tion and flow stream over turbine blades. It can be seen
from the Figure that maximum velocity was examined at
the outer surface of the turbine blade and minimum
velocity can be shown at the central area of the turbine
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FIGURE 20 Pressure distribution on turbine blade surfaces for blade rotational angle of 60°.
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FIGURE 21 Flow velocity streamlines along the turbine blade for a blade rotational angle of 60°.

blades. Moreover, vertexes are generated at outer section of  observed for flow velocity of 3.5m/s. The reason behind
turbine blades due to helical rotation of the turbine blades. this increment in vertexes for flow velocity of 1 m/s is due
It is also evident that maximum vertexes were generated for ~ to maximum contact of water with helical shape of the
flow velocity of 1m/s and minimum vertexes were  blade which may result in maximum vertexes.
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6 | CONCLUSIONS

The paper investigated the performance of an AST for
open water flow channel application. The simulations
were performed for three different design parameters
such as blade width, blade pitch and blade rotational
angles. The comprehensive conclusions drawn from this
study are given below;

1. The performance of AST is greatly affected by the
design parameters such as blade width, blade pitch,
and blade rotation angles.""**** The performance of
AST was examined in terms of power coefficient (C,,)
and torque (7). The maximum power coefficient was
achieved at design parameters of blade width 2 mm,
blade pitch 130 mm, and blade rotation angle of 60°.

2. Similarly, the flow characteristics of the AST blade are
determined using the CFD approach. The flow
characteristics over the turbine blade were evaluated
in terms of pressure distribution, velocity distribution
and flow streams. It was investigated that maximum
pressure was observed on the frontal side of the blades
and minimum pressure on the back side of the turbine
blades.” The maximum value of pressure was recorded
at flow velocity of 3.5m/s and minimum value of
pressure was examined at flow velocity of 1 m/s. In
addition, maximum flow vertexes were generated at
the exit of the blades.

3. The maximum value of power coefficient of 0.51 was
recorded at flow velocity of 2.5m/s and for design
configuration of 2 mm blade width, 130 mm of blade
pitch and 60° of blade rotation angles.

4. Moreover, experimental study has also been carried
out for the consistency of CFD simulation outcomes.
The experimental study was conducted at an open
channel river flow location. The optimal design
parameters were used for experimentation and
validated with CFD data in the same design
configurations.

5. It was investigated that the experimental outcomes are
in good agreement with CFD simulations results with
less than 5% error. The optimized design parameters
such as blade width, blade pitch and blade rotation
angles are worthy of consideration for design of
AST unit.

6. Based on the current research, it is concluded that
additional work for the AST under other distinct
conditions, such as alternative blade materials, is
required. The current research also investigates the
requirement to consider fluid-structural analysis,
fatigue analysis, and vibrational analysis under vari-
ous frictional losses of AST for structural performance
assessment.

NOMENCLATURE
LATIN

C coefficient

D diameter (m)

L axle length (m)
Re Reynolds number
U velocity (m/s)

Cp power coefficient

Prya hydraulic power
Precn  mechanical power
TSR  tip speed ratio

GREEK SYMBOL

P blade pitch

7 dynamic viscosity (Pas)
0 density (kg/m>)

a blade inclination angle

SUBSCRIPTS
absolute
blades
hydraulic
inlet

outlet

blade width
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