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Abstract

Turbine selection requires information on the operating range as well as peak efficiency.
This paper extends previously documented bench-scale Francis, Pelton, and Cross-flow tur-
bine data through a new analysis of CFD and laboratory performance curves. The original
ANSYS CFX (2025) calculations used steady incompressible RANS, standard k–ε closure,
and Frozen-Rotor coupling. The reported global comparison gives relative-deviation ranges
of 1.13–9.96% for shaft power and 0.83–4.67% for hydraulic efficiency; geometry adjust-
ments against the same benchmarks prevent treating this comparison as independent
validation. The present analysis extracts plotted operating points and normalizes power
and efficiency by their sampled maxima and speed by the corresponding peak locations.
Approximate upper limits for retaining 90% of the sampled maximum efficiency occur
at normalized speeds of 1.13, 1.43, and 1.06 for the Francis, Pelton, and Cross-flow cases,
respectively. These describe the recorded operating paths, which have different discharges
and varying heads, rather than universal turbine-family characteristics. Static-pressure
plots identify locations for further investigation, but their incomplete pressure reference
prevents quantitative cavitation-margin or vapor-volume assessment. The resulting qualita-
tive selection workflow connects operating-speed compatibility and performance retention
to site-specific hydraulic, generator, manufacturing, and maintenance checks.

Keywords: micro-hydropower; hydraulic turbines; trend-level CFD benchmarking;
operating-range characterization; pressure-margin screening; turbine selection; ANSYS CFX

1. Introduction
The global transition toward low-carbon electricity is increasing interest in decentral-

ized generation that can be adapted to local resources. Micro-hydropower can use small
rivers, irrigation networks, and existing water infrastructure, but energy yield depends
strongly on the match between the site hydrograph and the selected turbine [1,2]. In this
article, “micro-hydropower” is used consistently because the investigated bench-scale
systems are well below the commonly used 100 kW upper bound.

Net head and available discharge determine which turbine configurations can be
considered at a site. Generator speed, the seasonal distribution of flow, installation re-
quirements, maintainability, and cost then determine how these configurations can be
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operated [3,4]. Because these conditions change the operating point, the highest efficiency
quoted for a turbine is insufficient to estimate its usefulness over an entire operating period.

Seasonal variation in head and discharge can force a turbine to operate away from its
best-efficiency point for substantial periods. Treating efficiency as constant can consequently
bias annual-energy estimates [5,6]. This motivates examining the shape of an operating
curve and the fraction of maximum performance retained away from its peak.

Pelton, Francis, Kaplan/propeller, and Cross-flow turbines occupy distinct but over-
lapping head–discharge domains. Pelton machines generally suit higher heads and lower
discharges, Francis machines suit intermediate conditions, and Cross-flow machines can
retain useful performance over variable flows [2,3,7–15]. These ranges provide prelim-
inary screening only; the final choice depends on the actual operating distribution and
project constraints.

Hydraulic turbines may be classified as reaction machines, such as Francis and Ka-
plan turbines, or impulse machines, such as Pelton and conventional Cross-flow turbines
(Figure 1). The present study considers the Francis, Pelton, and Cross-flow configurations;
Figure 2 identifies the original research inputs and the analysis undertaken in this article.

Figure 1. Classification of hydraulic turbines considered for micro-hydropower applications.

Figure 2. Study design and analytical workflow based on the original CFD and benchmark datasets.

Hydraulic efficiency measures the fraction of available water power transferred to
the shaft. Cavitation susceptibility involves a different physical quantity: the difference
between local absolute static pressure and the vapor pressure of water at the operating
temperature. A turbine can therefore retain useful efficiency while a small region ap-
proaches vapor pressure. Studies of Francis erosion and Cross-flow cavitation discuss this
local-pressure condition and its consequences [16–18]. A pressure contour can identify a
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region to examine; determining vapor volume, erosion, or cavitation-induced performance
loss requires additional modeling and measurements.

Computational fluid dynamics (CFD) can resolve pressure, velocity, torque, and
hydraulic-loss mechanisms that global measurements alone cannot identify. Its credibil-
ity depends on transparent boundary conditions, mesh and convergence evidence, and
comparison with measured data [19,20]. Global power and efficiency curves can show
agreement in overall performance, whereas validation of local pressure or velocity requires
measurements at corresponding positions in the flow.

This paper builds on Francis, Pelton, and Cross-flow turbine work carried out by
the first author during his master’s research at UQAT [21]. The central question is how
much operating information can be obtained beyond the location of the largest reported
power or efficiency. The objectives are to identify the documented conditions of the
original numerical and bench comparisons, calculate normalized performance-retention
intervals from the reported curves, and use these results in a conditional turbine-selection
procedure. The normalized intervals and the explicit separation of performance evidence
from cavitation evidence are the analytical additions of this article; they are not presented
as new CFD simulations or new laboratory measurements.

Relevant recent work addresses Francis draft-tube flow [22], Cross-flow technol-
ogy [23], Pelton needle–nozzle dynamics [24], Francis internal flow and loading [25–29],
Pelton multiphase simulation [30], Cross-flow design [31], grid convergence and valida-
tion [32], particle-based Pelton simulation [33], and cavitation control and inception [34,35].
In particular, Kumar et al. [17] review the additional modeling and experimental require-
ments for interpreting erosion, while Meng et al. [35] combine experiments and CFD to
relate Cross-flow cavitation to effective head and available suction head.

2. Materials and Methods
The numerical models and benchmark datasets used in this study are documented

in [21]. The present article uses the reported dimensions, operating curves, and bench
comparisons and adds the graph-based analysis defined in Section 2.9. Tables 1–3 specify
the conditions associated with the analyzed datasets, while Supplementary Materials S1
provides the extracted curve values and calculation procedure.

Table 1. Design/reference operating settings of the three turbine configurations.

Turbine Speed, N (rpm) Discharge, Q (m3 h−1) Net Head, Hn (m)

Francis 1500 24 10
Cross-flow 428 24 10
Pelton 1400 12.4 14

Table 2. Principal geometric parameters used in the CFD models.

Parameter Pelton Cross-Flow Francis

Outer/runner diameter (m) 0.2788 0.168 0.080
Inner or pitch diameter (m) 0.2198 0.11088 0.040
Blade/bucket number 16 14 11
Inlet angle (◦) 15 20 165
Outlet angle (◦) 50 50 50
Blade/runner/bucket width (m) 0.0572 0.060 0.010
Injector/jet dimension (m) 0.0229 jet 0.040 injector; 0.009 jet —
Additional documented geometry Bucket depth: 0.0206 m Blade-arc radius: 0.027384 m NACA 4418 blade profile

https://doi.org/10.3390/machines14101098

https://doi.org/10.3390/machines14101098


Machines 2026, 14, 1098 4 of 20

Table 3. Numerical operating conditions and geometric parameters of the analyzed turbines.

Series/Condition Francis Pelton Cross-Flow

Figure 5 comparison settings

Reference values in Table 1;
case-specific Q, H, and adjusted

geometry are not
fully documented

Reference values in Table 1;
case-specific Q, H, and adjusted

geometry are not
fully documented

Reference values in Table 1;
case-specific Q, H, and adjusted

geometry are not
fully documented

Figure 6 plotted discharge (m3/h) 24.12 12.24 25.31

Figure 6 displayed speed
range (rpm) 185–1800 660–1600 400–585

Reference runner count 11 blades 16 buckets 14 blades

Head along speed series Varies along the recorded
operating path

Varies along the recorded
operating path

Varies along the recorded
operating path

Figure 7 discharge (m3/h) 24.12 12.24 25.31

Figure 7 procedure reference
speed (rpm) * 1500 1400 428

Associated passage dimension ** Draft-tube length not linked
unambiguously to these exports

Design jet diameter 0.0229 m;
final-case link unconfirmed

Design injector width 0.040 m;
final-case link unconfirmed

* Reference speeds follow the documented fixed-speed procedure; they are not separately printed on
each field export. ** Certain configuration-dependent passage dimensions are not linked unambigu-
ously to the exported fields; no nominal value is substituted for an unconfirmed final-case setting.

2.1. Methodological Framework and Data Provenance

This section describes the methodology adopted for the reanalysis of previously
published numerical and experimental results and clarifies the provenance of the
underlying data.

The workflow comprised the following steps: (i) definition of the reference geometry
and operating point for each turbine; (ii) construction of stationary and rotating fluid
domains in ANSYS CFX; (iii) steady-state RANS simulations with Frozen-Rotor coupling;
(iv) comparison of shaft-power and efficiency trends with the available experimental bench-
mark curves; and (v) qualitative synthesis of operating-range characteristics, pressure-
margin behavior, and site-dependent implementation evidence. This reanalysis did not
include new CFD simulations or new experimental measurements; it interprets and synthe-
sizes results previously reported in the literature.

Dimensional quantities (power, efficiency, head, discharge, and rotational speed) were
analyzed within the specific operating envelope of each turbine. Because the Francis,
Pelton and Cross-flow machines were not tested under a common dynamically similar
condition, no universal ranking based on peak power, peak efficiency, or best-efficiency
speed is proposed. The analysis therefore emphasizes performance trends, operating-range
characteristics and site-dependent trade-offs.

The study limitations are explicitly acknowledged. The CFD models were developed
and calibrated against the available benchmark data; consequently, the reported numerical–
experimental agreement does not constitute validation on an independent held-out dataset.
Normalized comparisons are used solely to examine relative trends and curve shapes
across the recorded operating ranges and do not imply geometric, kinematic, or dynamic
similarity among the turbines.

2.2. Reference Turbines and Operating Matrix

Table 1 summarizes the design/reference settings for the HM 450C Francis config-
uration and the HT 703 reference installation used for the Cross-flow and Pelton cases.
These values must be distinguished from the discharges associated with the speed-sweep
curves analyzed here: 24.12 m3/h for Francis, 12.24 m3/h for Pelton, and 25.31 m3/h for
Cross-flow. The corresponding head varies along the recorded speed series. The refer-
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ence heads of 10, 14, and 10 m are therefore not imposed as constant heads for the entire
plotted series.

Table 2 presents the reported design dimensions, and Figure 3 defines the principal
geometric symbols. The reference runner counts are 11 blades for Francis, 16 buckets
for Pelton, and 14 blades for Cross-flow. The source also reports geometric variants, but
the present curve analysis does not combine their results. The Pelton dimensions in the
calculated design table differ from its initial reference dimensions; both are identified below
to avoid presenting them as one confirmed final geometry.

Figure 3. Definition schematic of the Francis, Pelton, and Cross-flow design dimensions; values
correspond to Table 2. The schematic is not to scale.

Table 3 identifies the series used in this article. The 10- and 12-blade Francis cases are
separate geometric variants from the original study and are not included in the normalized
reference curves. Likewise, the 13- and 15-blade Cross-flow variants and the 15- and
17-bucket Pelton variants are not pooled with the reference series. Where a case-specific
setting is not documented unambiguously, it is identified as unconfirmed rather than
assigned a nominal value.

2.3. Geometry and Computational Domains

The Francis design includes an inlet passage, spiral casing, guide passages, an 11-blade
runner, and a draft tube. The Cross-flow design includes an injector and a 14-blade runner
through which the water passes twice. The Pelton reference has a nozzle and a 16-bucket
runner. Autodesk Inventor was used to define the solid geometry and prepare the fluid
regions. The paper uses the reference series specified in Table 3; the additional blade-count
variants are outside its quantitative curve analysis.

The computational domain is the volume occupied by water inside and around the
modeled components. It is divided into a rotating runner region and stationary inlet
and outlet regions. Their common surfaces allow the solver to transfer flow information
between the regions. The original study provides component dimensions and views of
these regions, but not every casing contour, blade surface, or interface location. Thus,
Table 2 describes the reported design without being sufficient to rebuild the identical
three-dimensional mesh.

For the Pelton model, the documented calculation treats the flow as steady while
representing runner rotation. It does not provide a time-resolved record of successive
buckets entering and leaving the jet, nor a fully specified calculation tracking the moving
boundary between air and water. Its power curve can be compared with the bench curve,
but jet breakup and transient loading cannot be assessed from this calculation.
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2.4. Governing Equations and Turbulence Closure

The hydraulic performance of each turbine was evaluated from the energy available in
the water flow and the mechanical power transferred to the runner. The hydraulic power
available at the turbine inlet is expressed as

Ph = ρgQHn (1)

where Ph is the available hydraulic power (W), ρ is the water density (kg m−3), g is the
gravitational acceleration (m s−2), Q is the volumetric flow rate (m3 s−1), and Hn is the net
hydraulic head across the turbine (m). The mechanical shaft power obtained from the CFD
solution was calculated from the runner torque as

Ps = Tω (2)

where T is the shaft torque (N m) and ω is the angular velocity (rad s−1). The corresponding
hydraulic efficiency was determined from

ηh =
Ps

Ph
=

Tω

ρgQHn
(3)

or, equivalently,
Ps = ηhρgQHn (4)

The source uses these quantities to report shaft power and hydraulic efficiency. In the
present analysis, each reported output is also normalized by its own largest sampled value,
as defined in Section 2.9.

The original calculations solve the steady Reynolds-averaged Navier–Stokes equations
for incompressible, Newtonian, isothermal water. These equations are given to identify the
model underlying the published curves.

For an incompressible fluid of constant density, conservation of mass reduces to

∇ · u = 0 (5)

where u is the mean velocity vector. The steady RANS momentum equation can be
written as

ρ(u · ∇)u = −∇p + ∇ ·
[︂
µeff

(︂
∇u + ∇uT

)︂]︂
+ ρg + Srot (6)

where p is the static pressure, µeff = µ + µt is the effective dynamic viscosity, µ is the
molecular viscosity, µt is the turbulent viscosity, and Srot represents the momentum source
terms associated with the rotating reference frame.

For a runner rotating at a constant angular velocity Ω, the rotational source term was
expressed as

Srot = −ρ[2Ω × u + Ω × (Ω × r)] (7)

where r is the position vector relative to the axis of rotation. The first term represents
the Coriolis contribution, whereas the second corresponds to the centrifugal acceleration.
Because the prescribed rotational speeds were constant for each operating point, the Euler
acceleration term associated with temporal changes in angular velocity was neglected.

Turbulence closure used the standard k–ε model with wall functions, consistent with
the original calculations. The present analysis retains that formulation; changing the
turbulence model would require a new simulation campaign.
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The model transports turbulent kinetic energy k and its dissipation rate ε. Their
equations are

∇ · (ρku) = ∇ ·
[︃(︃

µ +
µt

σk

)︃
∇k

]︃
+ Pk − ρε (8)

and

∇ · (ρεu) = ∇ ·
[︃(︃

µ +
µt

σε

)︃
∇ε

]︃
+ Cε1

ε

k
Pk − Cε2ρ

ε2

k
(9)

where Pk denotes the production of turbulent kinetic energy. The turbulent viscosity is
evaluated from

µt = ρCµ
k2

ε
(10)

For the standard k–ε formulation, the conventional model constants are

Cµ = 0.09, Cε1 = 1.44, Cε2 = 1.92, σk = 1.0, σε = 1.3 (11)

The standard k–ε formulation can have limitations in separated and strongly curved
flows. Agreement in shaft power and efficiency does not establish the accuracy of indi-
vidual pressure or velocity values. The original validation measurements concern global
performance; local velocity and pressure distributions were not independently tested.

Accordingly, the pressure and velocity plots are used to identify flow regions for
further investigation, while the quantitative additions of this paper are calculated from the
reported operating curves.

2.5. Boundary Conditions and Numerical Setup

The original numerical setup used a static-pressure specification at the inlet, a mass-
flow condition at the outlet, wall functions, and prescribed runner speed. For the speed-
series curves analyzed here, the documented volume flow rates are 24.12, 12.24, and
25.31 m3/h for Francis, Pelton, and Cross-flow, respectively (Table 3). At the documented
water density of 997 kg/m3, these correspond to calculated mass flows of 6.680, 3.390, and
7.009 kg/s. These conversions do not establish the exact CFX boundary expressions or
pressure reference used in each original run.

The Frozen-Rotor interface transfers flow information between stationary and rotating
regions at a fixed relative angular position. It represents a steady configuration and does
not resolve the passage of individual blades, transient wakes, or free-jet breakup.

The Francis stationary regions include the inlet, casing, guide passages, and draft
tube. The Cross-flow and Pelton stationary regions include their respective injector/nozzle
passages. The Francis reference table specifies water at 25 ◦C with density 997 kg/m3. The
exact pressure datum, all fluid-property entries, and the detailed boundary profiles are not
tabulated for every case; they would have to be checked in the original solver definitions
before rerunning the models.

The methodological description discusses tetrahedral meshes and mesh refinement.
It does not tabulate a completed mesh-refinement series for the turbine calculations. Its
generic mesh illustration is not evidence of the mesh used for an individual turbine.

The source study also describes available discretization options without identifying
the selected option and stopping criterion for every run. Table 4 states the resulting limits
on reproducing the original calculations, separately from the reproducible curve processing
supplied in Supplementary Materials S1.
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Table 4. Documentation of the original numerical study and requirements for independent
CFD reruns.

Item Documented Information Needed for Independent Reruns

Flow model ANSYS CFX; steady RANS; standard
k–ε; Frozen Rotor Solver version and case definition

Geometry and boundaries Reported dimensions, component
views, reference Q and N

Final CAD surfaces, interface positions,
pressure datum and boundary expressions

Mesh Tetrahedral mesh methodology and
qualitative refinement discussion

Actual element counts, quality, wall
resolution and mesh-refinement results

Numerical convergence Description of solver workflow Selected schemes, residual targets, iteration
and balance histories

Cavitation Exported pressure fields and a separate
incompletely specified calculation

Absolute pressure, temperature,
phase-change settings and

dedicated observations

Bench comparison
Power/efficiency plots; reported

deviation ranges; geometry adjustment
against benchmarks

Final test conditions, paired records, sensor
calibration and independent

validation cases

2.6. Reproduction of the CFD Calculations and the Curve Analysis

Two different procedures must be distinguished. Repeating the CFD solution re-
quires the original geometry, mesh, solver settings, and convergence records. Repeat-
ing the analysis in this article requires the published curves, the extracted coordinates,
and the normalization equations. The normalization equations are supplied in Supple-
mentary Materials S1. Table 4 summarizes the documentation available for the original
CFD campaign.

The source CAD geometry, mesh, CFX definition and result files, and solver logs
are needed to reproduce and audit the original numerical campaign in full. These files
were not included in the materials used for the present analysis. This limits independent
reproduction of the original numerical campaign. The first author is responsible for the
original numerical study.

2.7. Criterion for Cavitation Susceptibility

The physical screening criterion is the local absolute static pressure relative to the
saturation vapor pressure at the water temperature. A pressure margin may be expressed
as follows:

The local pressure-margin indicator is

∆pcav = pmin − pv (12)

where ∆pcav is the pressure margin, pmin is the minimum absolute static pressure, and pv

is the vapor pressure. This equation defines the quantity needed for a numerical margin
assessment. A smaller positive value indicates proximity to vapor pressure; it is not by
itself a validated prediction of cavity growth or erosion.

The exported figures do not identify the absolute-pressure reference sufficiently to
calculate this margin reliably for the three cases. Consequently, no numerical value of ∆pcav

or cavitation-free operating limit is reported. Pressure distributions are used only to locate
regions that merit a properly documented cavitation calculation. Vapor fraction, cavity
volume, performance loss, erosion, and pulsation remain unvalidated.
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2.8. Comparison with Laboratory Performance Curves

The original numerical results were compared with the HM 450C and HT 703 perfor-
mance references used in the source study. Figure 4 shows the corresponding installations,
including water circulation, loading, and instrumentation for global operating quanti-
ties. The available dataset does not provide a point-by-point test log associating every
comparison point with head, discharge, and the final adjusted geometry.

Figure 4. Recirculating test rig for the HM-450C Francis and HT-703 Pelton and Cross-flow benchmark
tests. The original comparison evaluates shaft power and hydraulic efficiency. It was not designed
to validate spatial pressure or velocity distributions. Consequently, the present article does not use
agreement in these global quantities as evidence that every local flow value is accurate.

The reported minimum and maximum relative deviations summarize differences
between the numerical and laboratory curves. Complete paired numerical tables and an
instrument uncertainty budget are not available in the archived record. RMSE, R2, or an
experimental validation uncertainty cannot therefore be reconstructed from the published
deviation ranges. Moreover, because the original study documents model adjustment
against the same bench curves, this is a model-development comparison rather than an
independent prediction test.

Figure 5 retains the original CFD–laboratory comparison as evidence of the numerical
study’s reported global agreement. It is distinct from the present analysis of the operating
curves. Curve-specific settings are reported only to the extent documented in Table 3 and
Supplementary Materials S1.
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2.9. Extraction and Normalization of the Reported Operating Curves

The new quantitative analysis uses the discrete markers in the operating curves
reported in [21]. The source plots were rendered at 1.8 pixels per PDF point. Two tick
positions on each axis were used for linear calibration, and the center of each plotted
marker was read. Smooth connectors in the original plots were not treated as additional
simulation points. Supplementary Materials S1 records the calibration, pixel coordinates,
and converted values.

For each output Y, where Y is shaft power P or hydraulic efficiency η, the largest
sampled value and its associated speed were identified. These are the denominators of
the normalized quantities in Equation (13). The maximum is a sampled maximum, not an
optimized or continuously resolved best-efficiency point.

Y∗ =
Y

Ymax
; n∗ =

N
NY,max

(13)

An illustrative 90% efficiency-retention interval was calculated by finding where
the normalized efficiency crosses 0.90. Between two adjacent markers, the crossing was
estimated by straight-line interpolation. No extrapolation was used when the lower or
upper crossing lay outside the displayed range. This 90% level is a reporting choice, not a
cavitation limit, a decision weight, or an optimized engineering requirement.

A ±3-pixel coordinate perturbation was used to examine sensitivity to graphical
reading. The resulting bounds are numerical reading-sensitivity ranges, not confidence
intervals or CFD/experimental uncertainty. Because the source curves are sparse and their
head changes with speed, the normalized intervals are reported approximately and refer
only to the corresponding recorded path. They do not supply a common-head comparison
or an annual-energy calculation.

3. Results
3.1. CFD Benchmarking Against Experimental Performance Trends

Figure 5 reproduces the original CFD and laboratory curves. It shows agreement in
their overall shape after the model adjustments documented in the source study. The design
references are those in Tables 1 and 2; the available record does not provide a final run
sheet confirming all head, discharge, and geometry settings for each plotted comparison.
Thus, these panels are reported as the original global comparison, not as a newly completed
validation experiment.

The source study reports shaft-power relative deviations of 1.13–9.96% and efficiency
deviations of 0.83–4.67% across the three cases (Table 5). These are previously reported
ranges, not statistics recalculated from the operating curves extracted for the present
analysis. They describe the agreement reported for the original comparisons; they do not
quantify experimental uncertainty or establish independent model validation.

Table 5. Reported minimum–maximum relative-deviation ranges between the CFD and bench-
mark curves.

Turbine Power Deviation Min–Max (%) Efficiency Deviation Min–Max (%)

Francis 3.21–9.96 0.83–4.29
Pelton 7.90–8.72 1.03–4.67
Cross-flow 1.13–9.81 4.39–4.57

https://doi.org/10.3390/machines14101098
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Figure 5. CFD–laboratory performance comparisons for the Francis, Pelton, and Cross-flow turbines.
Panels (a–f) correspond to the Francis, Pelton, and Cross-flow turbines, respectively. The associated
design/reference settings and available case-specific operating conditions are summarized in Table 3
and Supplementary Materials S1.

3.2. Normalized Operating Curves and Performance Retention

Figure 6 presents the normalized curves calculated in this article from the extracted
operating points. The discharges are 24.12 m3/h for Francis, 12.24 m3/h for Pelton, and
25.31 m3/h for Cross-flow. Because the reported head changes along these series, the
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results describe performance along the recorded operating paths. They are not constant-
head maps.

Francis turbine
For the reference Francis series, the sampled maximum occurs near 1500 rpm. Linear

interpolation between the extracted efficiency points places the 90% retention crossings at
approximately 0.86 and 1.13 times the speed of the sampled efficiency maximum. At the
high-speed endpoint near 1800 rpm, efficiency retains approximately 85% of its sampled
maximum. Both threshold crossings lie within the plotted range.

Pelton turbine
For the reference Pelton series, the largest sampled power and efficiency occur near

800 rpm, with a relatively flat region extending toward 1100 rpm. The upper 90% efficiency-
retention crossing is approximately 1.43 times the speed at the sampled maximum. The
first plotted point, at a normalized speed of about 0.82, is already close to 90%; the lower
threshold cannot be bounded reliably from the plot. Around 1400 rpm, the plotted power
and efficiency retain approximately 49% and 48% of their respective sampled maxima.
Thus, the 1400 rpm design-reference entry must not be interpreted as the best-performance
speed of this plotted series.

Cross-flow turbine
For the reference Cross-flow series, the largest sampled values occur near 430 rpm.

The upper 90% efficiency-retention crossing is approximately 1.06 times the speed at
the sampled maximum. The first plotted point, at a normalized speed of about 0.93,
remains above the threshold, so the lower crossing is not captured. At the endpoint near
585 rpm, the normalized efficiency is approximately 0.51. This behavior concerns the stated
injector/runner configuration and the recorded head–speed path.

Table 6 summarizes these calculated intervals. The Pelton curve has the broadest
high-speed retention region of the three plotted cases, while the Cross-flow curve has the
closest upper efficiency-retention crossing to its sampled maximum. This is a comparison of
these curves, not an intrinsic ranking of the turbine families or of their annual energy yield.

Table 6. Estimated operating intervals retaining at least 90% of peak efficiency, derived from the
original plotted data points.

Turbine Lower n* Crossing Upper n* Crossing Upper Crossing Reading Sensitivity *

Francis 0.86 1.13 1.10–1.17
Pelton Not resolved; first point ≈0.82 1.43 1.39–1.48
Cross-flow Not captured; first point ≈0.93 1.06 1.05–1.08

* Bounds obtained by perturbing the relevant marker coordinates by ±3 pixels. They assess only
graphical reading sensitivity; they are not confidence intervals or numerical/experimental uncertainty.
n* is based on the speed at the largest sampled efficiency.

The approximate peak speeds remain consistent with the descriptive values of 1500,
800, and 430 rpm in the original operating curves. The new result is the explicit calculation
of normalized retention intervals and the distinction between a threshold crossing captured
by the data and one outside the sampled range.
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Figure 6. Normalized shaft-power and hydraulic-efficiency trends from extracted operating points.
Dashed line: 90% peak-efficiency retention threshold.

3.3. Pressure and Velocity Field Analysis

Figure 7 reproduces original pressure and velocity exports at Q = 24.12 m3/h for the
11-blade Francis runner, Q = 12.24 m3/h for the Pelton case, and Q = 25.31 m3/h for the
14-blade Cross-flow runner. The source’s fixed-speed procedure refers to 1500, 1400, and
428 rpm, respectively, but those speed values are not separately printed on each field export.
This distinction is retained in Table 3. The scales are source-specific and are not used to
compare absolute pressure margins between turbines.

The Francis exports show the variation in pressure around the casing and runner
and the corresponding velocity distribution. The blade surfaces and downstream re-
gion are locations for further examination, but the color map alone does not establish
cavitation inception.

The Pelton export shows the jet–bucket interaction represented by the steady model.
Its pressure scale includes large negative values whose meaning cannot be resolved without
the pressure reference and the original case definition. It is therefore retained solely to
document the model output; it does not support a physical cavitation threshold or a local
validation claim.
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Figure 7. Pressure and velocity fields for the Francis, Pelton, and Cross-flow turbines.

The selected Cross-flow exports correspond to the 14-blade reference panel, not the
15-blade variant. They show the injector and the passage through the runner. Assessing the
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pressure distribution in either passage requires checking the pressure reference before any
vapor-pressure comparison.

These local plots provide context for the regions represented in the models. They do
not establish a causal explanation for the normalized performance-retention differences,
which would require controlled calculations and local measurements.

3.4. Cavitation Susceptibility and Off-Design Behavior

No quantitative cavitation margin can be calculated from the available pressure ex-
ports. The pressure reference, complete phase-change setup, and cavitation-specific mea-
surements are not given for the cases analyzed here. The cavitation component of the
selection workflow therefore identifies a required follow-up assessment, rather than certify-
ing an acceptable operating range.

In particular, the global efficiency curves are not used to infer cavity volume, cavitation-
induced efficiency loss, erosion rate, or pressure pulsations. A region of lower displayed
pressure is not assigned a numerical cavitation risk score.

Table 7 specifies what can be stated for each turbine. A quantitative follow-up requires
absolute pressure, water temperature and vapor pressure, a documented multiphase model
where needed, and measurements appropriate to cavitation inception and its consequences.

Table 7. Interpretation of the original local fields and requirements for cavitation assessment.

Turbine What the Export Identifies What Remains Unestablished

Francis Pressure/velocity distributions for the
11-blade reference panel

Absolute pressure margin, vapor formation,
cavity volume and erosion

Pelton Steady jet–bucket output with an
unresolved pressure datum

Physical interpretation of negative pressure
values, free-surface dynamics and cavitation

Cross-flow Injector and two-passage runner flow for
the 14-blade panel

Absolute pressure margin, cavitation inception
and performance loss

3.5. Comparative Turbine Selection Framework

The operating curves supply one part of a turbine-selection assessment: compatibility
between required shaft speed and the performance retained along an available operating
path. Hydraulic feasibility at the site must first be established from head and discharge. The
present bench curves do not themselves establish that feasibility for a proposed installation.

Figure 8 organizes these checks into five sequential stages: site hydraulic character-
ization, operating-range screening, performance assessment, cavitation assessment, and
practical implementation. The normalized retention calculation informs operating-range
screening and performance assessment. The incomplete absolute-pressure information
leaves the cavitation stage unresolved for the present cases; the workflow therefore requires
further analysis before a final selection. It does not assign numerical decision weights or
claim a validated optimum.

For example, a generator requirement near 1400 rpm should be compared with the
performance at that speed, rather than with the maximum of the Pelton curve near 800 rpm.
A different generator or transmission ratio would change that compatibility check. Manu-
facturing tolerances, access for runner repair, sediment exposure, replacement parts, and
the excavation or tailwater requirements of a draft tube can then eliminate a hydraulically
feasible option. These are decision inputs to obtain for a real site, not cost results measured
in this study.
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Figure 8. Qualitative sequence for site-specific turbine screening. The present normalized curves
inform operating-range assessment; the cavitation and implementation stages require additional site
and design information.

4. Discussion
The original global comparisons show that the numerical curves follow the laboratory

trends. Their interpretation is limited by the use of those same trends during geometric
adjustment. This is relevant to model development but does not test performance on
independent operating conditions. Spatially resolved validation can reveal discrepancies
that an integrated power comparison does not expose, as illustrated by the PIV-plane
analysis of Salehi and Nilsson [19]; grid and roughness sensitivity also affect turbine
predictions [29,32].

The normalized analysis adds information that is absent from a list of maximum
efficiencies. At the illustrative 90% retention level, the upper normalized-speed crossing is
approximately 1.13 for Francis, 1.43 for Pelton, and 1.06 for Cross-flow. Only the Francis
curve captures both crossings. Reporting the missing lower crossings prevents a partial
plotted range from being presented as a complete operating envelope. The broad plateau
in the Pelton case and the earlier decline in the Cross-flow case can guide speed-matching
questions for these particular configurations, subject to their different head–speed paths.

A second result concerns the difference between design-reference speed and observed
performance. The Pelton reference entry of 1400 rpm is about 1.75 times the reported
peak-region speed of 800 rpm, and the recovered curve at approximately 1400 rpm retains
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only about half of the largest plotted power and efficiency. This discrepancy would be
concealed by a comparison based only on the reference table. It warrants checking the final
model dimensions and operating settings before a generator or transmission is selected.

Normalization does not remove the effects of changing head, Reynolds number, runner
dimensions, or the jet/nozzle arrangement. The intervals are therefore descriptive results
along the recorded operating paths. A scale-transfer model would additionally require
geometric similarity and matched dimensionless flow and speed conditions, followed by
validation at the target scale. These requirements explain why an operating speed in rpm
cannot be used as a universal turbine-family design target.

The separation between output agreement and physical-model adequacy also applies
to other CFD applications. Studies on porous turbine-blade cooling [36], tracer transport in
a vacuum degasser [37], and supercritical-fluid regenerative cooling [38] address systems
with different governing physics. Their relevance here is methodological: properties,
boundaries, and validation observables must match the modeled process. They supply no
hydraulic-turbine performance or cavitation data for the present comparison.

The scientific scope is an analysis of the first author’s documented numerical study,
with new normalized curve calculations and a conditional engineering interpretation. It is
limited by graphical reading accuracy, sparse points around some thresholds, variable head
along the speed curves, incomplete final-case metadata, and the absence of independent
local-field validation. The pressure plots cannot complete the cavitation decision stage.
These limits define which conclusions follow from the present data and which require
access to the original files or new measurements.

5. Conclusions
The original numerical and laboratory dataset provides the basis for this article. The

reported deviation ranges are 1.13–9.96% for shaft power and 0.83–4.67% for efficiency.
Because the models were adjusted using those bench curves, this evidence describes global
agreement during model development and does not establish independent uncertainty-
quantified validation.

The present graph-based analysis quantifies the operating-curve shape beyond the
peak locations near 1500, 800, and 430 rpm. The approximate upper normalized-speed
limits for 90% efficiency retention are 1.13, 1.43, and 1.06 for the Francis, Pelton, and Cross-
flow cases. The lower crossing is resolved only for Francis. The extracted point tables and
calculation method are provided in Supplementary Materials S1 so these analytical results
can be reproduced.

The Pelton example shows why design-reference speed and measured or computed
peak-region speed must be distinguished: near the 1400 rpm reference setting, the plotted
power and efficiency retain approximately half of their sampled maxima. The normalized
intervals describe the stated configurations and their recorded head–discharge–speed paths;
they are not universal rpm targets or scale-transfer laws.

The proposed screening sequence uses these operating results to inform speed com-
patibility while requiring separate site hydraulics, cavitation, and implementation checks.
The pressure exports identify model regions for follow-up but do not provide a defensible
numerical cavitation margin. Access to the original CFD cases and complete test settings
remains necessary to repeat the simulations and complete a quantitative design validation.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/machines14101098/s1. Supplementary Materials S1. Operating
conditions and reproducible curve analysis. Supplementary Materials S1 contains dataset mapping,
documented source discrepancies, extracted operating points, the normalization procedure, and the
graphical reading-sensitivity calculation.
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