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NUMERICAL STUDY OF FLOW PARAMETERS IN THE HIGH-HEAD FRANCIS TURBINE

The scientific exploration of numerical computation regarding spatial flow within hydraulic machinery components is examined. A survey of
contemporary software systems is conducted, and the benefits of their utilization over experimental studies are evaluated. It is indicated that the
optimal approach involves a blend of experimental investigations and numerical simulation. This methodology facilitates the validation of simulation
outcomes under real-world conditions and iteratively enhances the model based on acquired data. A review of the widely utilized Ansys software
program is provided, emphasizing its pivotal features and capabilities for analyzing flow components of hydraulic turbines. An algorithm for
computing flow parameters in hydraulic turbines using the Ansys software suite is outlined. The subject of this study is the high-head Francis
hydraulic turbine Fr500. The turbine's geometry was constructed employing a sector-based approach. This technique allows for significant
simplification of calculations within the computational fluid dynamics framework, thereby reducing computational workload while preserving result
accuracy. In selecting mathematical and turbulence models, a comprehensive analysis of the problem was undertaken, identifying models most suitable
for the specific situation to ensure dependable numerical simulation outcomes. For spatial flow calculations in the turbine's flow component, the
standard k-¢ turbulence model was adopted. Considerable attention was devoted to mesh generation, as mesh quality strongly influences result
accuracy and reliability. An unstructured mesh comprising tetrahedral-shaped cells was employed for discretizing the flow component, with local mesh
refinement at the edges of the runner blades and guide vanes. As a result of numerical computations, the values of primary flow parameters for the
design operating mode were determined. A visualization of the flow within the flow component is provided, alongside the assessment of hydraulic
losses and turbine efficiency. The efficiency values obtained differ from corresponding experimental values by no more than 1 %. A thorough
examination of the flow structure within the flow path was conducted, yielding recommendations for adjusting the blade angle f; to reduce inlet
impact losses.
Keywords: hydraulic turbine, spatial flow, numerical research, computational fluid dynamics, efficiency, hydraulic losses.

€. C. KPYIIA, P. M. IEMYYK

YHUCEJBHE JOCT)KEHHA ITAPAMETPIB IIOTOKY B BUCOKOHAIIPHIN PAJIIAJIBHO-
OCBOBIU I'IAPOTYPBIHI

PO3MISIHYTO HAyKOBUi HANPSIMOK YHCEILHOIO PO3PaxXyHKY HPOCTOPOBOTO IIOTOKY B MPOTOYHHMX YaCTHHAX TiApaBIivyHMX MaimwuH. [IpoBeneHO ormsia
Cy4aCHUX IIPOrpaMHUX KOMIUIEKCIB Ta MPOAHAIi30BaHO MEpeBard iX BUKOPUCTAHHA Yy IOPIBHSAHHI 3 EKCIEPHMEHTAIbHUMH JOCIHiKCHHSIMH.
3a3HayeHO, 10 ONTUMAJIBHUM PIlICHHSAM € MOEAHAHHS EKCHEPHMEHTAIBHUX JOCIIUKEHb Ta YHCEIbHOro MojemoBaHHs. Lle 03Boisie mepeBipuTH
pe3ysIbTaTH MOJEITIOBAHHS B PEAbHAX YMOBAX 1 BJOCKOHAIMTH MOJE/Ib HA OCHOBI OTPHMMAHUX JAHHX. BUKOHAHO OIS IIMPOKO BUKOPHUCTOBYBAHOI
nporpamMu Ansys, BUIUICHO ii KJIIOYOBI XapaKTEpPUCTHKU Ta MOXIIMBOCTI IS aHali3y NPOTOYHHX YacTHH rixpaBiiyHux TypOiH. IlpexcraBieHo
AJITOPUTM PO3PAXyHKY NapaMeTpiB MOTOKY B TiJpaBIiUHUX TypOiHaX 3 BUKOPUCTAHHAM IPOrpaMHOro Komiuiekcy Ansys. O0'€KTOM JOCHIMKEHHS B
naHii poOOTI € BUCOKOHaIipHa pajiadbHO-0choBa rimporypbina PO 500. IloOymoBaHO reomerpiro rimpaBiiuHOi TypOiHM 3 BHKOPUCTaHHSIM
ceKkTopHOro migxoxny. Llelt MeTon m03BOJIsIE 3HAYHO CIPOCTHTU PO3PAXyHKH B MeEXaxX OOUMCIIOBAIBHOI JMHAMIKM PIJMHU 1 3MEHIIUTH 00'eM
obumciieHs 0e3 BTpaTé TOYHOCTI pe3yabTatiB. st BHOOpY MaTeMaTHYHOI MOJIENi Ta MOZIeN TypOyJISHTHOCTI IPOBEACHO IOKIAIHUH aHall3 3a1a4i Ta
BUOpaHi Mopeni, SKi HaWKpalle BiINOBIIAIOTh KOHKPETHIW cuTyamii, 1mo0 3a0e3nme4uTH HaAiliHi pe3yJbTaTH YHCEIBLHOTO MOZENIOBaHHA. Jlis
PO3paxyHKy NpPOCTOPOBOTO IOTOKY B HPOTOYHIN 4YacTHHI TifpoTypOiHM Oyno oOpaHO craHmapTHy k-¢ Mopmens TypOyneHTHoOCTi. Bemmky ysary
TIPHAIICHO CTBOPEHHIO OOYNCITIOBAIBHUX CITOK, SKICTh SIKHX CHIIBHO BILTMBA€ HAa TOYHICTh Ta HAJIHHICTh OTPUMAHUX pe3yibTatiB. [l auckpern3artii
MPOTOYHOI YaCTUHM BUKOPHCTAHO HECTPYKTYPOBAHY CITKY 3 KOMIpKaMH TeTpaeApaibHOi (GopMH, 3 JIOKAIBHUM 3TYLICHHSIM CITKH Ol KPOMOK
nonareif poOOYOro Kojeca Ta JIONATOK HAIPABISIIOUOro amapary. B pesymbrarTi 4mcenbHOro po3paxyHKy OyiM po3paxoBaHi 3HAUYEHHS OCHOBHHX
rapaMeTpiB MOTOKY JUI PO3PAXyHKOBOTO pexuMy podotu. [Ipencrasiena kapTiHa Tedil B IPOTOYHIN YaCTHHI, T OTPUMAHO 3HAYCHHS TiApaBIIYHAX
BTpaT Ta KoediuieHTy KopucHoOi aii riaporypOiHu. OTpumaHi 3Ha4yeHHS KoedilieHTy KOpUCHOI Aii MarTh pO3ODLKHICTH 3 aHAIOTIYHUMH
eKCIIepHMEHTAILHIMH 3Ha4eHHsIMU He Oumpie 1 %. IlpoBemeHO BceOiUHMIT aHAN3 CTPYKTYypH IIOTOKY B HPOTOYHIH YacTHHI. 3alpOIIOHOBAHO
peKoMeHaii mo/0 3MiHK KyTa Jiomarti By Ui SMEHIICHHS YIapHUX BTPAT Ha BXOJI B poO0OUe KOIEeCo.

Keywords: rigporyp6ina, MpOCTOPOBHI MOTIK, YHCENBHE IOCITIDKEHHS, OOYHCIIOBANbHA JWHAMIKA DPiAUHH, KOE(DIIieeHT KOPUCPHOI mii,
TipaBIIivYHi BTPATH.

Introduction.  Modern  hydraulic ~ machines, Advantages of Numerical Modeling.

particularly hydraulic turbines and pumps, play a pivotal
role in electricity generation and various industrial
processes. To optimize their performance and enhance
efficiency, detailed modeling of liquid flow within the
components of these machines is essential. In this context,
contemporary computational fluid dynamics (CFD)
software suites have become indispensable tools in
engineering research.

There exists a plethora of CFD software packages,
including Ansys Fluent, Open FOAM, Star-CCM+,
among others. The selection of a specific software suite
depends on task requirements, available resources, and the
user's expertise level. These tools empower engineers and
researchers to analyze and optimize hydraulic machines
by simulating fluid flow [1-10].

Experimental studies:

1. Limitations in accuracy. Experimental studies are
often constrained by the precision of instruments and
external conditions that may influence results.

2. High costs. Conducting experiments can incur
significant expenses and time, especially when specialized
equipment or conditions are necessary.

3. Restricted variability. Experiments may be limited
by factors that can be manipulated or measured, thereby
restricting exploration of diverse scenarios.

Numerical Simulation:

1. Enhanced accuracy. Numerical modeling vyields
highly accurate results as it relies on mathematical models
and calculations.

2. Cost-efficiency. Utilizing numerical simulation
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software is generally more economical and cost-effective
than conducting physical experiments.

3. Increased flexibility. Numerical simulations
facilitate easy adjustment of study parameters and
conditions, allowing for exploration of a broader spectrum
of scenarios.

4. Safety and environmental considerations. In
situations where research poses risks to human safety or
the environment, numerical simulation offers a safer
alternative.

Often, the optimal approach involves a combination
of experimental research and numerical modeling. This
allows for validation of simulation outcomes under real-
world conditions and refinement of the model based on
empirical data [3].

In the contemporary scientific and engineering
landscape, numerical modeling stands as a crucial tool for
acquiring new knowledge and addressing complex
challenges. Consequently, numerical modeling continues
to hold a central position in the advancement of science
and technology.

Object of study. The object of research in this study
is the flow path of the Fr 500-V-100 radial-axial (Francis)
hydraulic turbine, which includes its inlet, runner, and
outlet components.

General concepts of using the Ansys program to
study the energy characteristics of hydro turbines. In
this work, a numerical study of the spatial flow in the flow
part of the radial-axial hydro turbine was performed using
the Ansys software complex.

The Ansys program is a powerful engineering tool
that has found wide application in researching the energy
characteristics of hydraulic machines. With the help of
Ansys, engineers and researchers can perform detailed
numerical calculations, flow simulations in turbines, and
evaluate their performance.

The algorithm for calculating the spatial flow in
hydro turbines using Ansys [10]:

1. Preparation of the geometry of the turbine. The
first stage is to create a three-dimensional geometry of the
hydro turbine. This includes creating an accurate model of
the flow part of a hydro turbine in one of the CAD
complexes. Geometry plays a key role in the accuracy of
calculations, so it is necessary to pay special attention to
this stage.

2. Mesh (grid) geometry. For numerical calculations
of water flow, it is necessary to create a mesh that divides
the geometry into many finite elements. The mesh must be
adapted to the characteristics of the hydro turbine and take
into account the complex structure of the flow at the edges
of the blades and other parts [5].

3. Determination of boundary conditions. Boundary
conditions are set according to the operating conditions of
the hydro turbine. This includes specifying the initial
velocities and pressures, as well as taking into account the
inlet and initial boundary conditions [10].

4. Selection of turbulence model. Different
turbulence models can be chosen in Ansys depending on
the characteristics of the flow. For example, the k-¢ or
SST (Shear-Stress Transport) model can be used to
account for turbulent phenomena [2].

5. Solving the Navier-Stokes equations. After setting
the boundary conditions and selecting the turbulence
model Ansys solves the system of Navier-Stokes
equations that describe the fluid movement inside a hydro
turbine. This allows determination of velocities and
pressures at each point in the flow.

6. Analysis of the results. After completing the
calculations, you can analyze the results. This includes
evaluating the turbine's performance, determining the
energy performance, and identifying potential problems
such as cavitation orvibrations.

Using Ansys for studying the energy characteristics
of hydroturbines empowers engineers and researchers to
acquire deeper insights into internal turbine processes,
facilitating design optimization for enhanced efficiency
and reliability.

This tool assumes a significant role in contemporary
hydroturbine  development,  contributing to the
advancement of more efficient renewable energy sources.

Creation of a geometric model of the flow section
of Fr 500-V-100. Various CAD (Computer-Aided
Design) programs are utilized to construct 3D models.

CAD systems, as specialized software tools,
facilitate the creation, editing, and analysis of computer
models, represented as 2D and 3D images. In mechanical
engineering, CAD systems play a pivotal role in assisting
engineers and designers in product development and
refinement [1-3].

The analysis of flow in hydraulic machines refers to
the internal hydraulic flow, necessitating the import of the
geometric model of the flow section into the Ansys
program. A crucial requirement for the model is its
representation of the internal volume as a solid model.

During the initial design phase, a comprehensive 3D
model of the Fr 500-V-100 hydro turbine was constructed
using the SolidWorks CAD program (refer to Fig. 1).

Fig. 1. 3D model of the Fr 500-V-100 hydro turbine

For subsequent calculation of spatial flow within the
hydro turbine, a sector-based geometry approach was
employed. When modeling flow within the flow path of a
hydro turbine featuring complex three-dimensional
geometry, such as the Fr 500 hydro turbine, dividing the
geometry into sectors proves to be an effective strategy.

This method substantially simplifies calculations
within the realm of computational fluid dynamics while
reducing computational workload without compromising
result accuracy [1-4].

Advantages of sectoring:

- segmenting the turbine into sectors enables the
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consideration of only a portion of the geometry, thereby
decreasing  computational  effort and  resource
requirements;

- through meticulous separation and modeling of
transitions between sectors, the accuracy of results is
maintained at a high level;

- simulating flow within each sector facilitates the
examination of interactions between them, enabling
evaluation of their collective impact on the overall
performance of the hydraulic turbine.

Sectoring process:

1. Geometric segmentation. The hydro turbine
undergoes segmentation into sectors, typically in the form
of equal angular divisions or divisions tailored to the
design's characteristics. These sectors encompass
components such as blades, chambers, and other elements.

2. Creation of individual models. A distinct model is
generated for each sector, incorporating mesh structures,
boundary conditions, and flow parameters, which may
vary depending on operational conditions.

3. Modeling within each sector. Initially, calculations
are conducted independently within each sector. This
approach enables the assessment of flow characteristics
within individual sectors.

4. Interactions among sectors. Subsequently, results
from sector-specific simulations are merged to account for
interactions among sectors. This involves considering the
influence of flow from one sector on neighboring sectors.

Sectoring constitutes an important method in
numerically simulating hydro turbines, facilitating
adherence to accuracy requirements while reducing
computational complexity.

Consideration of the segmentation of elements
within the flow path of the Fr 500-V-100 hydraulic
turbine:

a) Guide vane:

The guide vane consists of 20 symmetrically shaped
blades and is shown in Fig. 2, a. One cut sector (guide
vane blade and interblade channels) is shown in Fig. 2, b.

-

4

\

Fig. 2. Obtaining the calculated sector of the guide vane:
a — 3D solid model of the guide vane; b — one calculated sector
of the guide vane

b) Runner:

The runner consists of 13 blades. Its 3D solid model
is shown in Fig. 3,a. To obtain one calculated sector
(runner blade and inter-blade channels), the runner was
dissected by two surfaces passing roughly along the
middle of the inter-blade channels. This sector is
presented in Fig. 3, b.

-

a b

Fig. 3. Obtaining the calculated sector of the runner:
a — 3D solid model of the runner; b — one calculated sector of the
runner

Thus, the finalized geometry of the Fr 500-V-100
hydro turbine, incorporating calculated sectors, takes the
following form (refer to Fig. 4).

Fig. 4. Three-dimensional model of the Fr 500-V-100 hydro
turbine, incorporating calculated sectors

Selection of mathematical and turbulence models.
The choice of mathematical and turbulence models is
crucial for accurate fluid flow calculations in hydraulic
machines using CFD programs, as the reliability of
numerical modeling results depends on this selection [10].

Selection of mathematical model:

1. Models of fluid movement. Ansys offers various
mathematical models to describe fluid motion, including
the Navier-Stokes model, Reynolds-averaged Navier-
Stokes (RANS) models, and others. The selection of the
model depends on the specific task and flow conditions.

2. Heat transfer calculation. If accounting for heat
transfer in a hydraulic machine (e.g., a hydro turbine) is
necessary, the choice of a mathematical model should also
encompass the energy equations.

Selection of Turbulence Model:

1. k-e model. This model quantifies turbulent Kinetic
energy and its dissipation in fluid flow. It is well-suited
for turbulent flow calculations but may require significant
computing hardware resources [3].

2. SST (Shear-Stress Transport) model. Combining
the advantages of the k- model with the Reynolds Stress
model, this model allows for more accurate consideration
of turbulent effects in regions with significant changes in
turbulent parameters [4].

3. LES (Large Eddy Simulation) model. Employed
for more precise simulation of turbulent flow, particularly
in regions with large vortices and irregular structures.

The selection of appropriate mathematical and
turbulence models constitutes a pivotal stage in fluid flow
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calculations in hydraulic machines. It dictates the
accuracy and reliability of results while also influencing
the computational resources required for simulation. A
meticulous analysis of the problem is crucial to choose
models that best fit the specific situation, ensuring
dependable numerical simulation outcomes.

For the spatial flow calculation within the flow path
of the Fr 500-V-100 hydro turbine, this study opts for the
standard k-¢ turbulence model.

Setting boundary conditions. The numerical
experiment was conducted for a hydro turbine model with
a runner diameter of D; =1 m and a head of H=1 m for
the design operating mode of the hydro turbine (according
to the universal characteristic Fr 500/3502—V—80).

The guide vane opening for the design mode was set
to ag=62mm (for the runner diameter of D;=1m).
Rotation speed is ny = 70 rpm.

The following parameters were assigned to the
boundaries of the calculation domains:

-at the inlet: the volumetric
Q1 = 266 l/sec;

-on the walls: no-slip condition (velocity equals
Zero);

- at the outlet: the static pressure P = 101325 Pa.

Meshing. The creation of an accurate computational
mesh stands as a fundamental stage in numerically
modeling a hydro turbine using CFD programs. The
quality of the computational mesh significantly impacts
the accuracy and reliability of the obtained results [5-8].

Types of computational meshes:

1. Structured mesh. This mesh comprises regular
geometric elements like cubes, parallelepipeds, or prisms
and finds utility in relatively simple geometry shapes.
Structured meshes are straightforward to generate and
offer good accuracy in regular areas.

2. Unstructured mesh. Employed for complex
geometries with irregular shapes, unstructured meshes
incorporate triangles, quadrilaterals, and other irregular
elements. This mesh type facilitates the comprehensive
description of intricate areas.

Mesh cell types:

1. Tetrahedral cells. Comprising four triangular
faces, tetrahedral cells are primarily used for irregular
geometries.

2. Hexahedral cells. Featuring six square faces,
hexahedral cells are employed in structured grids or to
depict regular geometries.

3. Polygon cells. Enabling the creation of highly
complex shapes to describe geometry details, polygon
cells can pose processing challenges.

In this study, an unstructured mesh with tetrahedral
cells, incorporating local mesh refinement near the edges
of the runner and guide vanes, was employed to discretize
the flow section.

Prismatic cells were utilized on the walls of the
calculation domains to effectively capture the boundary
layer.

Results of a numerical study on the flow in the
Fr 500-V-100 hydro turbine. Ansys provides a broad
array of tools for visualizing the results of numerical

flow rate

simulations, facilitating the analysis and interpretation of
obtained data [11-12]. The program enables the creation
of visual representations of fluid flow, speed distribution,
pressure, temperature, and other parameters within a
hydro turbine. The Ansys graphical interface simplifies
the customization of graphics, the generation of
animations, and the creation of user-friendly reports,
aiding in a better understanding of results and informed
engineering decisions. Fig.5 through 13 depict
visualizations of the results of spatial flow calculations in
the Ansys program.

Velocity in Stn Frame
Plane 1

l 4.500e+000

3.375e+000
2.250e+000
1.125e+000

0.000e+000
[m s*1]

Fig. 5. Distribution of the absolute velocity in the middle section
along the height of the guide vane

Welocily in Stn Frame
Conlour 1

3.312e+000
3.185+000
| 3.058e+000

Fig. 6. Distribution of the absolute velocity along the surfaces of
the runner blades

Total Pressure in Stn Frame
Contour 1

Fig. 7. Distribution of the total pressure along the surfaces of the
runner blades
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Fig. 8. Relative velocity contours in the guide vane and runner 5.2640+000

Velosiy 3.94804000
4.648e+000

/

2.633e+000
© 3.486e+000

1.317e+000
2.324e+000

9.736e-004

1.162e+000 [m s*-1]

0.000e+000
[m s7-1]

Fig. 13. Fluid movement streamlines in the flow path of the
Fr 500-V-100 hydro turbine

Calculation of hydraulic losses. The Ansys
program offers tools for accurately computing the
hydrodynamic parameters of a hydro turbine, including
hydraulic losses. Hydraulic losses encompass pressure
losses distributed throughout the hydro turbine's geometry
due to fluid resistance and friction. Accurately
determining these losses is crucial for assessing the
efficiency and operational characteristics of the hydro
turbine [10].

The total losses in the inlet and draft tube were
computed as the difference between the total energy at the
inlet and outlet, divided by the specific gravity [10].

Fig. 9. Relative velocity vectors in the guide vane and runner

Ve\au‘%in Sin Frame
Plane ey

.1. auwt( g

1.003e+000
6.6888-001
3.344e-001

0.000e+000
[ms*1]

h= I:,I - Pout (1)
Fig. 10. Distribution of the absolute velocity in the section of the - g )
draft tube
sty s Fraee The total losses in the runner were determined using
[ the formula:
3.948e+000 N M G)
263204000 hr =1—T]hyd =1- of =1- (2)

paQH, pOQH,

The hydraulic efficiency of the Fr 500-V-100 hydro
turbine was determined using the formula [10]:

1.316¢+000

0.0002+000,
[ms™1]

1 / — n Nef M o
1y —————— g =———= )
il " pgQH  pgQH

After performing the numerical calculation, the value
Fig. 11. Fluid movement streamlines in the inlet of the moment on the shaft of the hydraulic unit M was
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obtained. The value of the moment was used to calculate
the hydraulic efficiency (formula 3).

Table 1 shows data on the amount of losses in the
flow path of the hydro turbine Fr 500-V-100 in the
designed mode of operation.

Table 2 shows a comparison of the values of the
hydraulic efficiency obtained by numerical experiment
and the efficiency based on the universal characteristic in
the designed mode.

Table 1 — Hydraulic losses in the flow path

Elements of the flow path Losses, %
Inlet (stator + SK + NA) 5.0
Runner 3.1
Draft tube 29

Table 2 — Hydraulic efficiency of the Fr 500-V-100

Efficiency, %

Hydro turbine efficiency (as per the
universal characteristic Fr 500/3502- 89
V-80)

Hydro turbine efficiency (as per the
numerical experiment results)

88.4

Analysis of numerical simulation results. The
analysis of numerical simulation results in the Ansys
program is pivotal in engineering research, offering deep
insights into the physical processes occurring inside the
hydro turbine and facilitating the evaluation of its
performance and efficiency.

Upon analyzing the results of the numerical
calculation of three-dimensional flow in the flow section
of the Fr 500-V-100 hydro turbine, the following specific
observations clarify the flow structure:

- the flow structure in the spiral case appears uniform
without significant vortex formations (Fig. 5);

- the uniform flow can be observed in the vicinity of
the stay and guide vanes, devoid of noticeable flow breaks
(Figs. 5, 8-9);

- velocity peaks manifest at the inlet edges of the
runner blades (Fig. 5-6);

- pressure distribution on the surfaces of the runner
blades is uniform, with minimum pressure values
observed on the backside of the blades along the upper
rim and the outlet edge (Fig. 7);

- Figs. 8 and 9 indicate a slight separation of flow on
the runner blade, particularly on the front side closer to the
inlet edge, where the flow levels off from the middle of
the profile. Detecting such flow separations on the blade
enables recommendations for adjusting the blade angle B;
to mitigate shock losses at the runner inlet;

- the liquid flow in the draft tube exhibits non-
uniform velocity values, particularly evident in the inlet
cone (Figs. 10, 12). A small vortex bundle is observed in
the input cone of the draft tube (Figs. 10, 12), with
stagnant zones, where the flow rate is zero or close to
zero, visible in the elbow and outlet diffuser of the draft
tube (Fig. 10).

Figs. 12 and 13 display fluid movement streamlines
in the draft tube, revealing leveled and stabilized flow in
the outlet diffuser.

Fig. 13 provides a comprehensive overview of liquid
movement throughout the flow path, facilitating flow
structure analysis and recommendations for geometry
adjustments to enhance the hydro turbine's energy
performance.

Conclusions. A numerical experiment was
conducted using the Ansys software complex for the
designed mode of operation of the Fr 500-V-100 radial-
axial (Francis) hydro turbine. The visualization of the
flow in the flow section is presented, along with the
values of hydraulic losses and turbine efficiency. The
efficiency values obtained exhibit a discrepancy of no
more than 1 % compared to similar experimental values.

A comprehensive analysis of the flow structure in the
flow path was performed, leading to recommendations for
adjusting the blade angle B; to mitigate impact losses at
the runner inlet.

In conclusion, the Ansys software complex proves to
be effective for numerically simulating the flow in the
flow path of hydro turbines, conducting further analysis of
the obtained results, and enhancing the structural elements
of the flow section to improve turbine efficiency.
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