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Abstract

This study investigates the viability of high-density polyethylene (HDPE) as a sustainable, low-cost alternative to
conventional metallic materials for Cross-flow turbine runners in micro-hydropower systems. The primary goal is to design,
manufacture, and validate the hydrodynamic and structural performance of an HDPE runner. A three-stage methodology
was applied: CAD-based design, thermoforming fabrication, and performance evaluation through computational fluid
dynamics (CFD) and finite element analysis (FEA) using ANSYS. Numerical predictions were validated against
experimental data obtained from a hydraulic test bench. Mesh refinement and turbulence modeling were included to ensure
numerical reliability. Results show that the HDPE runner achieved efficiencies of 80-83% compared to a geometrically
identical steel runner under similar operating conditions. Structural analysis confirmed von Mises stresses (8.5 MPa) and
deformations (0.12 mm) remained well below HDPE’s yield strength (22 MPa), validating its mechanical integrity.
Statistical comparison revealed a deviation of less than 4% between numerical and experimental results. This research
provides a validated framework for using recyclable HDPE in turbine manufacturing. It demonstrates that HDPE can deliver
comparable power output to steel while reducing manufacturing costs and environmental impact, offering a sustainable
pathway for rural electrification.

Keywords: Cross-Flow Turbine; HDPE; Experimental Validation; CFD; FEA; Micro-Hydropower; Sustainable Materials; Flow Harshness.

1. Introduction

Amidst the global energy transition, hydropower remains a crucial source of renewable energy. Within this sector,
mini-hydropower plants (< 5 MW) provide reliable solutions for rural and off-grid communities [1, 2]. However, high
capital costs associated with mechanical components, particularly turbine runners, continue to limit widespread
deployment. Among available turbine types, the Cross-flow (Banki) turbine is widely recognized for its simplicity,
robustness, and efficiency under low-head conditions, making it a preferred choice for micro-hydropower applications

[3].

Traditionally, runners are manufactured from steel or aluminum, which, despite their mechanical robustness, present
significant drawbacks: energy-intensive production, susceptibility to corrosion, and a considerable ecological footprint.
Recent studies have investigated ways to improve Cross-flow turbine performance through blade geometry optimization
[4] and runner blade count [5], as well as advanced control strategies for turbine arrays [6]. Parallel research has explored
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the use of thermoplastic composites in hydrokinetic and wind turbines, highlighting their mechanical potential under
dynamic loading [7]. Furthermore, recycled polymers have been proposed as sustainable alternatives for runner
manufacturing in micro-hydropower systems [8].

Despite these advances, HDPE has not yet been systematically evaluated as a runner material for Cross-flow turbines,
representing a clear gap in the literature. HDPE offers superior impact resistance, abrasion resistance, and stress tolerance
compared to polypropylene (PP) and polyethylene terephthalate (PET), while maintaining low cost, high recyclability,
and excellent chemical resistance [9]. These attributes make HDPE particularly promising for turbine blade
manufacturing in environments where corrosion and cost are critical concerns [10].

The objective of this work is therefore to design, model, manufacture, and experimentally validate a Cross-flow
turbine runner fabricated from HDPE. Using a dual approach—numerical simulations (CFD and FEA) and prototype
testing on a hydraulic bench-this study aims to assess whether HDPE can achieve performance comparable to metallic
runners while offering significant economic and environmental benefits. By addressing this gap, the research contributes
to the development of cost-effective and sustainable solutions for electrification in remote regions.

Recently, the adoption of thermoplastic polymer materials has emerged as a promising alternative. Specifically, high-
density polyethylene (HDPE) exhibits excellent potential for turbine blade manufacturing. This material offers several
key advantages, including lightweight properties, chemical resistance, low manufacturing cost, and high recyclability
[11].

The objective of this study is to design, model, and optimize performance of a Cross-flow turbine runner using HDPE
materiel. To achieve this, experimental and numerical approaches are used. First, finite element analysis (FEA) is used
to predict structural and hydrodynamic performance of HDPE turbine blades. Secondly, a turbine runner made with
HDPE is used and experimentations are conducted on the hydraulic test bench. The aim is to validate results.

This research is grounded in a sustainability-driven innovation framework, with the objective of developing cost-
effective and environmentally sustainable hydropower solutions. The optimization of design and manufacturing
parameters for High-Density Polyethylene (HDPE) turbines holds significant potential to advance electrification efforts
in remote regions while simultaneously minimizing ecological impacts.

The research methodology follows a three-stage approach:
e Design: Numerical modeling of the Cross-flow turbine runner using HDPE materiel;
e Manufacturing: making of Cross-flow runner using HDPE materiel,
e Validation: Comparison of numerical models with experimental prototype results.

2. Classification of Micro-Hydropower Plants

Large-scale hydropower plants account for approximately 86% of global hydropower production and are defined as
facilities with a power capacity exceeding 10 MW. Conversely, small-scale hydropower plants (8.3%) encompass all
installations below this threshold. This latter category, increasingly adopted for electricity generation, is further
subdivided into small, mini, and micro hydropower plants [12].

In practical terms, small-scale hydropower installations exhibit minimal differences from large-scale plants, with the
primary distinction lying in their simplified design and operation [13]. These installations are cost-effective, can work
automatically without permanent personnel, and require minimal supervision and maintenance downtime. Typically,
they operate as run-of-river systems, eliminating the need for costly accumulation reservoirs, which are economically
unfeasible for smaller facilities [14, 15].

Four key parameters define the importance of hydropower development:
e Design flow rate: The maximum water discharge that the turbine can process
e Head height: The elevation difference utilized for power generation
e Installed power capacity: The rated power output of the plant
e Electricity production: The total energy output over time.

Beyond these parameters, micro-hydropower plants are classified based on their water intake method, the manner in
which water is conveyed to the turbine, and the turbine’s physical placement within the system.

There are two primary classifications of micro-hydropower plants: used on: low-pressure, medium and high-pressure.
Low-pressure installations are located along a river or on a diversion canal. The most critical infrastructure is the dam
or intake structure, typically constructed of concrete. Its primary function is to divert the required water flow directly to
the turbine or into a diversion canal while allowing floodwaters to pass. The power plant can be integrated directly into
the dam or located at the end of a channel.
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Generally, there is no penstock, or it remains very short. The head heights for these installations range from 2 to 20
meters, and the turbine operates under low pressure. Medium-pressure and high-pressure installations are situated on
rivers, mountain streams, potable water networks, and industrial hydraulic circuits. Low-pressure installations have a
penstock localed between the intake and the power plant. This pressurized channel is the most crucial component of this
type of mini-hydropower plant. Hydraulic turbines used in micro-hydropower plants are categorized into two primary
groups, as illustrated in Figure 1

Turbines for Micro-Hydropower Plants

Reaction Impulse

Francis Kaplan Pelton Cross-flow

Figure 1. Classification of hydraulic turbines used in micro-hydropower plants

3. Turbines Runner Selection Criteria

Basically, a significant factor in selecting a micro-hydraulic turbine is its relative efficiency, which varies according
to the design point depends on operational conditions such as head height and flow rate. Each turbine type possesses a
distinct optimal efficiency for given conditions, as illustrated in Figure 2 [16], providing guidance for the selection of
the most suitable turbine.

1 T
087
= 1
z 0.6
£
2
2
b=
=047
——— Cross-flow
Pelton
02T —— Kaplan
Francis
—— Propeller
0 t t t t i
0 0.2 0.4 0.6 0.8 1
Q/Qumax

Figure 2. Part flow efficiencies
The fundamental equation governing any hydroelectric system is expressed as follows:

P, = npgQH @)

where, Ps is the mechanical power produced at the turbine shaft (watts), # the hydraulic efficiency of the turbine, p the
density of water volume (kg/mq), g the acceleration due to gravity (m/s?), Q the flow rate passing through the turbine
(m?3/s), and H the effective pressure head of water across the turbine (m).

In addition, the selection of turbines also depends on multiple criteria including shaft speed, and specific speed as
illustrated in Table 1 [17]. Additional factors must also be considered, such as the optimal depth for turbine placement,
its overall performance, and cost-effectiveness [18]. Williamson et al. [18] proposed a methodology for selecting the
most efficient turbine for a given application, optimizing both energy output and economic viability. Each turbine type
exhibits a specific efficiency at different heads and partial flows.

Table 1. Range of selection [18]

Quantitative criteria Qualitative criteria
Rated flow/head efficiency Environmental - weather - location
Part flow/head efficiency Required civil works
Cost Portability
Turbine rotational speed Maintainability
Power for given site Reliability
Size of system Ease of manufacture
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Pressure head height is a fundamental criterion in the classification of hydropower turbines, distinguishing them into
high-head, medium-head, and low-head categories, as outlined in Table Il. For micro-hydropower systems, the selected
turbines are typically designed for heads less than 10 meters.

Table 2. Small hydropower applications turbines head classification [19]

Head classification

Turbine types

(High > 50 m) (Medium 10-15 m) (Low <10 m)
Pelton Cross flow
Impulse Turgo Turgo Cross flow
Multi-jet Pelton Multi-jet Pelton
Francis (spiral case)
Francis
Reaction Propeller
Kaplan

However, larger hydropower turbines can be adapted for micro-hydropower applications through specific
modifications to enhance their suitability. In the medium-head range, pumps-as-turbines (PATS) have emerged as a
viable solution, demonstrating cost-effectiveness and operational efficiency.

Figures 3 and 4 [19], further illustrate the optimal operating ranges (Head vs. Flow) for different turbine types,
positioning the Cross-flow turbine as ideal for low-head and moderate-flow micro-hydropower sites.
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Figure 3. Various turbines in terms of head and flow rate
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Figure 4. The range of selection of small and microhydroturbines with heads and flow rates variations
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Another critical parameter influencing turbine operation is the specific speed [19], which serves as a dimensionless
indicator of a turbine’s performance. Specific speed establishes a relationship between the turbine’s output power,
rotational speed, and hydraulic head, as expressed in Equation 2:

0.5
No =72 @

H5/4

where, n is the turbine speed (rpm) and H denotes the pressure head across the turbine (m). The maximum hydraulic
efficiency is approximately 80% [20], and it is defined as the ratio of power output to power input:

=t e g
where, M is the shaft torque [Nm], e is the runner angular velocity [rad/s], p is the water density [kg/m?], g is the

acceleration of gravity [9.81 m/s?], Q is the flow rate [m%/s]. The net head Hn can be approximately calculated as 0.94H
where H is the gross head [21].

The selection of installation sites plays a critical role in determining the hydropower potential that micro-turbine
systems can harness. Adhau et al. [22] conducted a comprehensive multi-site evaluation using hydrological data to assess
the feasibility of mini- and micro-hydropower plants. Their findings indicate that hydropower facilities integrated into
irrigation networks can reliably generate electricity that meets both technical standards and local energy demands at
affordable costs. Moreover, the energy potential of micro-hydropower plants is significantly enhanced when utilizing
irrigation canal heads with higher elevations, compared to systems relying solely on high flow rates [23]. These results
underscore the necessity of optimizing turbine selection according to site-specific conditions, as this directly influences
operational performance and long-term sustainability [24].

4. Materials and Manufacturing Methodology

The research methodology is structured into three sequential stages: (1) design, (2) manufacturing, and (3) validation.
This section provides a detailed description of the manufacturing process as well as the material behavior laws that
govern the performance of the selected thermoplastic.

4.1. Thermoforming Process

Thermoforming is a polymer shaping technique where a thermoplastic sheet is heated until pliable and then formed
over a mold [25]. Thermoforming by molding has become one of the leading processes for shaping thermoplastic
polymers. Several thermoforming techniques are commonly employed, including:

e Contact molding;

e Punch-die molding;

e Vacuum or pressure forming;

e Injection molding;

e Stamping forming (primarily used for thermoplastic matrix composites).

For this study, the stamping thermoforming method was selected for blade fabrication due to its compatibility with
HDPE, ease of use, and the availability of equipment in our laboratory. The general process is illustrated in Figure 5.

Using plastic Extrusion of plastic
material material

v

Forming Thermoplastic
sheet

v

Thermoforming
process

Final part

A

Figure 5. Process of obtaining a thermoplastic sheet

This process, detailed in Figure 6 [25], involves steps from impregnation to finishing. The thermal cycle in Figure 7
is reversible, highlighting that thermoplastics like HDPE [26, 27] are recyclable materials. The specific parameters used
for HDPE in this study, including an inflation temperature range of 130-150°C, are detailed in Table 3.
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Reinforcement + Resin
¥
Impregnation (mixture)
¥
Placement of the mixture on the tooling
¥
Compaction
)
Polymerization
¥
Demolding
)

Finishing

Figure 6. Thermoforming process steps

Table 3. Pressure and temperature ranges for different polymers [28]

Polymer Pressure interval/inflation Temperature Interval
y (kPa) Inflation (°C)
HDPE 7-21 130-150

The thermal loading cycle of the oven, illustrated in Figure 7, can be divided into four distinct stages. The
corresponding pressure and temperature ranges remain consistent with the principles of the ideal gas law. Importantly,
the process is fully reversible a defining characteristic of thermoplastics which enables their recyclability and repeated
processing without significant degradation [29].

T

1.
“ t 12 13 t4

Figure 7. Thermoforming cycle [28]

4.2. Behavioral Laws

Laws of Biocomposites are characterized by the viscoelastic model for thermoplastic materials and are modeled here
using the finite element method. The integral model of Lodge for linear viscoelasticity and the K-BKZ model for
nonlinear viscoelasticity are used for characterization [30, 31]. Characteristics of the Lodge viscoelastic model is given
in Equation 4 [32]:

[e(®)] = —plI] + f_tw u(t — e, tH™'dt' =0 4)

where, p is the hydrostatic pressure, [1] is the identity matrix and [c(t, t")] is the deformation tensor, defined in Equation
5:

[e(t,t)] = [FEO] T [eOIF (D] (®)
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where, [c(t, t")] is the Finger tensor, and p is the memory function.
Regarding the memory function, it is given by:

)
u(t,t) =%, Ze ©6)

Tk

where, 7« represents the relaxation time associated with the stiffness gx.

The shear stress oy,(t) for the Lodge model is:
_(t-1)

[0y O] = [ Tie 2" (y(t) - y(®) dr )

Heat modeling is performed using the Ritz-Galerkin approach. The method consists of using the interpolation
functions V (x) as test functions N] for the temperature field T [33, 34].

T ¢ t) =X TF(ONS(En,9) (8)

where, m is the number of nodes, Tje (t) the nodal values of the temperature t, N; (£, 7, {) isoparametric interpolation
function and (&, 7, {) nodal coordinates.

4.3. Liquid Flow Equations in a Cross-flow Turbine

Given the complexity of analytically solving the Navier-Stokes and continuity equations, this study relies on
AnsysCFD and Ansys-Static software, which offer advanced numerical capabilities for the precise simulation of fluid
dynamics and structural analyses.

Several assumptions are considered in this study as at:
e The liquid is considered incompressible;
e The flow is considered steady-state : the components are time-independent ;
e The liquid is considered Newtonian ;

e The energy conservation equations are not considered: the temperature is constant (no degradation of mechanical
energy into thermal energy).

A. Continuity Equations
The continuity equation for an incompressible fluid, the conservation of mass is:
V-(pU)=0 )

where, U represents the velocity of the fluid particle. In Cartesian coordinates, this equation becomes:

av _
ax 6y 62 (10)
B. Navier-Stokes Equations
They can be written in the terms described below:
V-(pU®U)=V-(=pl+pus(VU + (YU)7)) + Sy (11)

where, U is velocity, p is pressure, p,, is effective viscosity, and Sy, is the source term for the rotating frame of reference
(accounting for centripetal and Coriolis accelerations).

Su=—p2wxU+wx(wXxT)) (12)

where, r is the position vector, 2w X U represents the centripetal acceleration, and wx(wxr) represents the Coriolis
acceleration.

The Navier-Stokes equations in Cartesian coordinates are given by:

ap 2%v 2%v | d%v
p(u—+v—+waz) £+pgy+,ueff(ﬁ+ay2+ )+5My (13)
ow 92w 2w 92w
p(u—+v—+waz)=—£+pgz+ueff(ax2+ay2+ 23 + Suz (14)
d d 92 w92
p(us+ v+ W) = =2t pg, + e (55 + 55+ 55) + Sus (15)
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For a constant rotational speed  along z, the source terms Smy, Smy, and Su. of the flow are expressed respectively
as:

Sux = p(WZT, + 20,V) (16)
Suy = p(wiry — 2w,u) @
Suz =0 (18)

C. Equilibrium Equations

In terms of normal and shear stresses, they are written as:

00y/0x + 074y, /0y + 0142 /0z + Fx = 0
0tyx/0x + doy/0y + 01y25/0z + F, = 0 (19)
0734/0x + 013,/0y + 002/0z+ Fz =0

where, Fy,Fy,F; are the components of the forces per unit volume.
D. Strain-Displacement Equations
They are given by the following relations:

= Ju/0x
ov/dy (20)
z = 0w/dz

{ = Ju/dy + dv/dx

Yy% = 0v/0z + 0w /0y (21)
= Jdw/0x + du/dz

E. Stress-Strain Equations

=0x/E —v-0,/E —Vv-0;/E
=0y/E —Vv-0z/E —Vv-04/E
SZ =0,/E —v-0,/E -v-0,/E
Vxy = Txy/G (22)
L Yyz = Tyz/G
Vzx = Tzx/G

The primary criterion used to determine failure is based on the von Mises stress, which is given by:

o' = (@ = 0t + (0= 0+ (05— 0)) (23)

where, o1,02,03 are the principal stresses defined in Equations 24, 25 and 26 respectively.

1/2 -1.5
o, =0y+2 ( ];2 ) cos (—arccos (0 5/3 ]2 )) (24)
1/2 -1.5
0, =0y — 2 ( = ) cos (%arccos (0.5]3 ];2 ) + g) (25)
1/2 -15
03 =0y — 2 ( > ) cos (%arccos <O.5]3 ];2 ) - g) (26)
where:

0y = l(crx + 0, +0,)

Jo = S3Sy 4+ 8,8, + 5,8, — 1oy — Ty — Tix
J3 = —(5xSyS; = SxTy, = SyTix = SiTjx)
Sy = 0, — 0y

Sy, =0y, — 0y

Sz=az_00
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The von Mises safety factor Sg given in Equation 27.

S.
=
SF_O"

where, Sy, Sy, St is the yield strength of the material in three dimensions.

5. Turbine Design Parameters

Vol. 6, No. 4, December, 2025

(@7)

The mechanical properties of the HDPE used in the simulation, contrasted with S235 Steel, are presented in Table 4.

Table 4. Mechanical properties of S235 Steel and HDPE [34]

Material Properties S235 Steel HDPE
Density p [kg/m?] 7800 950
Young’s Modulus £ [Pa] 210%10° 0.8x10°
Poisson’s Ratio v 0.3 0.4
Bulk Modulus X [Pa] 160x10° 66.7x10°
Shear Modulus G, [Pa] 8x10'0 3.75%x108
Yield Strength R, [Pa] 235x10° 22x10°
Melting Temperature [°C] 1450 130
Thermal Conductivity £ [W/mK] 30 0.4
Tensile Strength R, [Pa] 7.446x108 28x10°
Specific Heat Capacity C, [J/kgK] 460 1900

The turbine geometry was designed using Autodesk Inventor 2024 in Figure 8. The runner design was based on the
parameters of the laboratory’s HT-703 Multi Turbine Test Set, with a rotational speed (N) of 428 rpm, a flow rate (Q)

of 24 m3/h, and 15 blades (Z).

Figure 8. Solid model of the Cross-flow turbine

The sizing of a Cross-flow turbine depends on site data as defined below:

a) Net Head Height Hn

H, = H; — Hy

(28)

where, Hy is the net head (m), representing the actual available head at the turbine after accounting for losses; Hyg s the
geometric or gross head (m), measured between the upstream and downstream water levels; Hy is the total head loss is
(= 7% of Hg) (m) [35], (including energy losses due to friction and turbulence in the conduits).

b) Flow Rate Q

Q=V A,

(29)

where, Q is the volumetric flow rate (m?s); Vi is the mean relative velocity (m/s); A is the effective passage area

perpendicular to the velocity V, (m?).
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c) Specific Speed of the Turbine Ns

513.25
Ny = Zoees
S H;I).SOS

d) Rotational Speed of the Turbine N

H,‘{'”S
N =513.25- N
e) Outer Diameter of the Wheel D1
40k
b, = Hn/N

f) Blade Thickness e

e = 0.326R,

g) Number of Blades n

_mDy

e

Vol. 6, No. 4, December, 2025

(30)

(1)

(32)

(33)

(34)

To design a Cross-flow turbine blade, it is essential to define its geometry based on hydraulic principles and velocity
triangles [36, 37]. The critical geometrical parameters, illustrated in Figure 9 [38, 39], were determined using established
hydraulic equations. Key parameters include the runner’s outer radius Ry, inner radius R, = 0.66 R [39]. inlet angle
a1= 16", outer blade angle 1= 30°, and inner blade angle .= 90°. The blade angles are characterized by the incidence
angle (also referred to as the angle of attack), which specifies the blade orientation relative to the incoming flow.
Additional parameters defining the blade profile include the curvature radius ry, the pitch circle radius rp, and the blade

segment angle ¢ [40].

.
<

) R 7

Figure 9. Blade profile of a Cross-flow turbine runner [37]

C =+/R? + R2 — 2R R,cos(B; + B,)

€ = arcsin (—RZSin(fl+B2))

§ =180°—= (B1+ B2+ ¢)
@ = (B1+B2) — (180° = 2¢)

d = Rysin(¢)/[2sin(180° — &)] = 180° — 2(B1 + €)

a4
cos(Bi1+¢)

T =

T, = V@2 +Ri2 =21, - Ry - cos(B))
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This digital design was subsequently used to manufacture the physical HDPE prototype, which is presented in Figure
10.

(a) Blade (b) Overall view of the Cross-flow runner
Figure 10. Prototype of the Cross-flow wheel in HDPE

6. Simulation Process

Solving the complete fluid flow equations analytically is impractical. Consequently, this study employs ANSYS-
CFD to perform fluid dynamics simulations and ANSY S-Static to conduct structural analyses. The integrated solution

framework is depicted in Figure 11.

Geometry Design

|

System resolution

|

Equation resolution

!

Parameter resolution

Yes ‘L

Direct resolution 1«— Convergence criterion satisfied.

A

No

End
Figure 11. Solution Framework of the ANSYS-CFX Code

The numerical simulations were conducted using the k — e turbulence model to capture the effects of turbulent flow
behavior. Boundary conditions were specified as a static pressure at the inlet and a prescribed mass flow rate at the
outlet. To accurately resolve near-wall phenomena, the wall function approach was adopted. Furthermore, the rotor-
stator interaction was modeled using the Frozen-Rotor interface condition, ensuring a steady-state approximation of
relative motion between rotating and stationary domains.

A mesh sensitivity analysis was performed to verify the independence of the numerical results from grid resolution.
Two mesh configurations were evaluated: a coarse mesh consisting of 10,721 elements and a refined mesh comprising
23,352 elements. The comparison revealed a notable deviation of 13.39% in key performance indicators, such as torque
and hydraulic efficiency. Given this discrepancy, the refined mesh was selected for all subsequent simulations to ensure
numerical accuracy and solution convergence. This approach aligns with the findings of recent studies, such as the work
by Galvis-Holguin et al., who demonstrated that mesh refinement significantly improves the reliability of CFD
predictions in turbine design, particularly in the context of Michel-Banki turbines [41, 42, 43].

1114



HighTech and Innovation Journal Vol. 6, No. 4, December, 2025

A 2D fluid domain was generated and meshed using ANSYS 2024-R1 (Figurel2). A mesh refinement zone was
implemented around the rotor blades to accurately capture the fluid-structure interactions and resolve high-velocity and
pressure gradients, which is essential for reliable simulation results.

£

Figure 12. Mesh of the Cross-flow turbine fluid model

0.000 0.100 0200 (m)

0050 0150

This refinement allows for better resolution of fluid-structure interactions and local variations in pressure and
velocity. Conversely, the use of an overly coarse mesh can induce numerical errors, potentially undermining the
reliability and validity of the simulation results.

To replicate the experimental conditions, boundary conditions were carefully defined within the simulation domain.
A pressure inlet of 100000 Pa was applied at the upstream boundary, while a mass flow outlet of 3 kg/s was prescribed
at the downstream end. The turbine runner was modeled as a rotating domain operating at 428 rpm, with a no-slip
condition imposed on all blade surfaces to capture viscous effects. The surrounding turbine housing was treated as a
stationary no-slip wall, ensuring representation of fluid-structure interactions and confinement effects

7. Results and Discussion

This section presents the results of the numerical simulations (CFD and FEA) together with the experimental
validation, providing a comparative assessment of the HDPE runner against a conventional steel runner.

7.1. Hydrodynamic Simulation (CFD)

The CFD simulation provides detailed insights into the fluid dynamics of the system. Figure 13 illustrates the velocity
contours, where a significant acceleration of the fluid is observed as it passes through the nozzle and impinges on the
blades. The velocity distribution across the blade surfaces is heterogeneous a typical characteristic of Cross-flow
turbines. Elevated velocities in the peripheral region further indicate efficient conversion of kinetic energy into
mechanical work.

Figure 13. Velocity Contour
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Figure 14 illustrates the pressure distribution. The pressure is highest at the inlet (stagnation point) and progressively
decreases as the fluid flows through the runner, transferring its energy. The isobars clearly demonstrate the double-pass
flow (a hallmark of Cross-flow turbines) where the fluid traverses the upper blades and subsequently passes through the
lower blades before exiting. The significant pressure gradients observed are associated with turbulence, which directly
influences turbine efficiency.

Pressure AI‘\SYS
Contour 2 2024R1
1.005e+05

9.611e+04
9.172e+04
8.732e+04
8.293e+04
7.854e+04
7.415e+04
6.976e+04
6.537e+04
6.098e+04

5.659e+04
[Pa]

Figure 14. Pressure Contour

7.2. Performance Comparison: HDPE vs. Steel

The primary objective of this study was to compare the performance of the HDPE runner with that of a conventional
steel runner using an identical design. Figure 15 presents the turbine efficiency as a function of flow rate. The results
indicate that the HDPE runner (both numerical and experimental) achieves between 80% and 83% of the efficiency
obtained with the steel runner. This performance gap is primarily attributed to the lower stiffness (Young’s modulus) of
HDPE, which can cause minor blade deformations under hydrodynamic loading, thereby slightly modifying the blade’s
optimal angle of attack.
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Figure 15. Efficiency of Cross-flow turbine Steel vs HDPE

Figure 16 compares the mechanical shaft power. In contrast to efficiency, the steel runner does not demonstrate a
significant advantage over the HDPE runner; the power output curves are nearly identical. This indicates that HDPE
provides comparable energy transmission. Figure 17 further confirms this, showing that the HDPE runner demonstrates
performance comparable to steel across a wide range of rotational speeds.
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Figure 16. Comparison of mechanical power between steel and HDPE blades of the Cross-flow turbine
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Figure 17. Efficiency as a function of rotational speed

7.3. Comparison with Previous Studies

The performance observed in this study is consistent with findings in the broader literature. Typical efficiencies for
non-optimized Cross-flow turbines are often reported in the 70-85% range. Recent 2025 studies validating new Cross-
flow designs through similar CFD and experimental methods reported peak efficiencies of 80.36%. Other experimental
investigations have demonstrated that well-designed Cross-flow turbines can achieve peak efficiencies of 84.8%, with
highly optimized research designs reaching 88-90% [14, 44, 45].

Our finding that the HDPE runner achieves 80-83% of the steel runner's efficiency places its performance squarely
within the expected range for this type of turbine. This confirms that the use of HDPE, while resulting in a minor
efficiency reduction compared to rigid steel, delivers a viable and competitive alternative rather than a drastic
performance loss.

7.4. Structural Analysis (FEA) and Validation

The hydrodynamic pressure and forces calculated by the CFD were applied as loads in the FEA (ANSYS-Static) to
evaluate the structural integrity of the HDPE runner. Figure 18 shows the von Mises stress as a function of flow rate.
Stresses increase linearly, reaching a peak of approximately 8.5 MPa at the maximum flow rate (28 m3/h). This maximum
stress is well below HDPE's yield strength of 22 MPa (from Table 4), indicating a significant safety factor of
approximately 2.6
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Figure 18. Variation of von Mises stress as a function of flow rate for HDPE blades

Figures 19 and 20 illustrate the radial and axial forces, respectively. Both forces exhibit a moderate and progressive
increase with the flow rate, confirming that the loads on bearings and supports remain relatively low. This behavior
highlights one of the advantages of the lightweight HDPE design.
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Figure 19. Variation of radial force as a function of flow rate for HDPE blades
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Figure 20. Axial force vs. Flow rate for HDPE blade in a Cross-flow turbine
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Finally, Figure 21 illustrates the blade deformation. The deformation (8x107% mm) is minimal, with a maximum
value of approximately 12x10-3mm. This low and controlled deformation confirms that HDPE can efficiently withstand
the mechanical loads without compromising the runner’s design under the given operational conditions.
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Figure 21. Deformation vs. Flow rate for HDPE blade in a Cross-flow turbine

7.5. Discussion of Discrepancies and Limitations

Across Figures 15, 18, 19, 20, and 21, a small but consistent discrepancy is observed between the numerical (CFD
and FEA) and experimental results. In general, the experimental data indicate slightly lower efficiency and stress values
compared to numerical predictions. An analysis of the deviation between the two datasets revealed a Root Mean Square
Error (RMSE) of 3.8%, confirming a strong correlation between the numerical model and the experimental
measurements while highlighting the presence of minor systematic differences.

These discrepancies can be attributed to several idealizations inherent in the numerical model. Effects such as bearing
friction, shaft seal drag, and small-scale manufacturing imperfections in the HDPE prototype are not captured in the
simulations. In addition, the current model does not incorporate temperature-dependent viscoelastic deformation. Since
the experimental validation was conducted under constant laboratory conditions, without varying the operating
temperature, slight thermal softening of HDPE under load may have contributed to the observed differences in
performance, particularly in terms of blade deformation and efficiency.

Finally, while the present study focuses on micro-hydropower applications, the scalability of the design to medium-
power systems requires further investigation. In particular, the impact of increased hydrodynamic forces on long-term
deformation and creep behavior of HDPE must be assessed to ensure structural integrity and efficiency under higher
load conditions. Overall, the discrepancies identified remain within acceptable bounds, supporting the reliability of the
proposed HDPE runner design and confirming its potential as a sustainable alternative to conventional steel runners in
micro-hydropower applications.

8. Conclusion

This study demonstrated the feasibility of using high-density polyethylene (HDPE) as a sustainable alternative to
conventional metallic alloys in the design and manufacture of Cross-flow turbine runners for micro-hydropower. By
combining numerical simulations (CFD and FEA) with experimental validation, the HDPE runner was shown to achieve
80-83% of the hydraulic efficiency of a steel counterpart while maintaining comparable power output. An analysis of
the deviation between numerical and experimental datasets revealed a Root Mean Square Error (RMSE) of 3.8%,
confirming the strong correlation between the modeling framework and the physical prototype while highlighting minor
systematic differences. Structural analyses further validated the integrity of the runner, with maximum von Mises
stresses (8.5 MPa) and blade deformations (0.12mm) remaining well within the material’s safety limits under the tested
operating conditions.

Beyond technical performance, HDPE offers significant advantages: reduced manufacturing costs, simplified
installation due to its lightweight nature, and enhanced durability through superior corrosion resistance. These attributes
directly address key barriers to the deployment of micro-hydropower in remote regions, reinforcing HDPE’s potential
as an economically and environmentally sound solution.
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Nevertheless, limitations remain. Long-term fatigue, viscoelastic, and thermal behavior under dynamic loading must
be further investigated, and the scalability of the design to medium-power systems requires careful assessment to ensure
structural integrity under higher hydrodynamic forces. Future work will also explore HDPE-wood biocomposites,
particularly at 40% wood fiber content, to evaluate their durability and performance. Such developments could pave the
way for the next generation of cost-effective and sustainable micro-hydropower technologies.
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