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Abstract
This study evaluates the hydraulic performance and steady internal-flow characteristics of an existing
Francis turbine using an integrated reverse-engineering and computational fluid dynamics approach.
The as-is runner geometry was obtained through multi-view three-dimensional scanning, reconstructed
into a watertight computer-aided design model, and incorporated into a complete hydraulic domain
comprising the spiral casing, guide vanes, runner, and draft tube. Steady-state Frozen Rotor simulations
were conducted for six guide-vane openings from 4.3◦ to 19.3◦ at operating heads of 60, 100, and 136 m.
A three-level grid-sensitivity assessment showed medium-to-fine differences below 2% for discharge,
torque, shaft power, and hydraulic efficiency. Discharge and shaft power increased with guide-vane
opening, whereas efficiency reached a head-dependent maximum before declining. The best-efficiency
openings were 17.3◦ at 60 m, 15.3◦ at 100 m, and 13.3◦ at 136 m. The hill chart, pressure contours,
streamlines, and blade-loading distributions showed that moderate openings produced more balanced
hydraulic loading and better-organized mean flow. At the available comparison point, the predicted
shaft power differed from the plant reference by 2.48%. This result represents engineering-level
consistency rather than complete experimental validation.
Keywords: Francis turbine, reverse engineering, computational fluid dynamics, guide-vane
opening, hill chart, pressure distribution.

1. Introduction
Hydropower remains an important renewable-

energy source because it can provide stable power gen-
eration over long operating periods. Among hydraulic
turbines, the Francis turbine is widely used in medium-
and high-head power plants, where it must operate un-
der variable head, discharge, and load conditions. These
operating variations strongly affect the internal flow struc-
ture, blade loading, and overall hydraulic efficiency of the
turbine [1–3].

One of the most influential operating variables in a
Francis turbine is guide-vane opening. The guide vanes
regulate both discharge and inlet flow angle before wa-
ter enters the runner. A change in guide-vane opening
therefore modifies the incidence angle at the runner inlet,
the pressure difference between the pressure and suction
sides of the blades, and flow direction toward the draft
tube [4–7]. Because turbine performance is not repre-
sented adequately by a single operating point, efficiency
must be evaluated over a range of discharge and head
conditions. A hill chart is useful for this purpose because

it maps turbine efficiency using unit parameters, allowing
the best-efficiency region to be identified across different
operating conditions [8–10].

For many existing hydropower plants, original run-
ner design data are incomplete, unavailable, or no longer
fully representative of the installed component. Long-term
operation, maintenance, repair, erosion, sediment-laden
flow, and local wear may cause the actual geometry to dif-
fer from the original design. In this study, the term as-is ge-
ometry refers to the present physical shape of the installed
runner as captured by 3D scanning. This geometry is not
an idealized design model; rather, it is a reconstructed
representation of the actual runner surface after opera-
tional history and maintenance. Figure 1 illustrates the
transition from scanned point cloud to reconstructed CAD
geometry and Figure 2 shows the comparison between
scanned geometry and remodeled CAD geometry.

Reverse engineering provides a route for reconstruct-
ing actual turbine geometry when design drawings are
unavailable. The reconstructed geometry can then be used
in CFD to estimate hydraulic performance and internal
flow patterns. However, the accuracy of such a

*Corresponding author. Email: Mohammad.rizanto@polinema.ac.id, phone: +62 85156718814
© 2026. The Authors. Published by DRPM ITS

JMES The International Journal of Mechanical Engineering and Sciences; Vol. 10, No. 2 (2026): 125-139



Pungkiarto et al./JMES The International Journal of Mechanical Engineering and Sciences/10/02(2026)

Figure 1. Scanned runner geometry obtained from 3D
scanning; gray regions indicate captured surface data and

red regions indicate incomplete/noisy scan areas.

Figure 2. Comparison between (a) scanned geometry (b)
remodeled CAD geometry.

workflow depends on two critical issues: the fidelity of
CAD reconstruction relative to the scanned point cloud
and the reproducibility of the CFD model. Smoothing
and symmetrization can improve mesh quality, but they
may also remove real geometric deviations. Therefore,
geometric deviation assessment, mesh-quality evaluation,
convergence monitoring, and careful boundary-condition
definition are necessary before drawing engineering con-
clusions [11–13].

The research gap addressed in this paper is the
limited availability of practical, reproducible assessment
procedures for existing Francis turbines when only as-is
scanned geometry and limited plant data are available.
Previous studies have demonstrated the value of CFD
for turbine performance analysis and the usefulness of
reverse engineering for digital reconstruction; however,
fewer studies combine scanned as-is geometry, multi-head
guide-vane-opening analysis, hill-chart construction, and
internal-flow interpretation within a single workflow for
an operating hydropower asset. Accordingly, this work
contributes: (i) an as-is reverse-engineering workflow for
generating a CFD-ready Francis turbine model; (ii) CFD-
based performance curves for six guide-vane openings at
three heads; (iii) a unit-speed and unit-discharge hill chart
for identifying the best-efficiency operating region; and
(iv) pressure-contour and streamline-based interpretation
of off-design flow behavior, with explicit limitations re-
garding steady-state simulation and available validation
data.

Integrating a solar still with a solar thermal collector
is a promising strategy to increase heat input, enhance
basin water temperature, and improve distillate productiv-
ity. Therefore, this study compares three configurations:
a conventional solar still (SS), a solar thermal collector
(STC), and an integrated solar still–solar thermal collector
system (SS+STC). The system performance was evaluated
using useful heat gain, thermal efficiency, evaporation rate,
and freshwater productivity under dry and rainy season
conditions. The novelty of this study lies in the analytical
comparison of SS, STC, and SS+STC configurations under
seasonal climatic conditions using validated temperature
data and integrated thermal performance indicators.

2. Theoretical method
This study used a reverse-engineering-CFD work-

flow to evaluate the hydraulic performance of an existing
Francis turbine runner. The procedure consisted of five
main stages: (1) runner digitization using 3D scanning;
(2) point-cloud processing and CAD reconstruction; (3)
computational-domain preparation and mesh generation;
(4) steady-state CFD simulation; and (5) post-processing
of performance parameters, hill-chart characteristics, pres-
sure distribution, and streamline patterns. The method
section focuses only on the numerical setup and post-
processing procedures directly used to generate the re-
ported results.

2.1. Reverse Engineering and Geometry Reconstruction

Table 1. 3D scanner specifications.

Parameter Specification

Model HandySCAN 700
Manufacturer Creaform
Measurement rate 480,000 measurements/s
Resolution 0.050 mm
Accuracy Up to 0.030 mm
Volumetric accuracy 0.020 mm + 0.060 mm/m
Stand-off distance 300 mm
Depth of field 250 mm
Output formats .dae, .fbx, .obj, .ply, .stl, .txt, .wrl,

.x3d, .x3dz, .zpr
Software VXelements
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Figure 3. CAD-to-scan deviation map between the
reconstructed CAD model and the scanned Francis turbine

runner geometry. Green regions indicate low deviation
where sufficient scanning reference data were available,
while blue and red regions indicate higher inward and
outward deviations caused mainly by incomplete scan

coverage in areas that could not be fully reached by the 3D
scanner probe.

The runner surface was captured using multi-view 3D scan-
ning. Multiple scan angles were used to reduce occlusion
around the leading edge, trailing edge, hub fillets, and
shroud transition regions. The scanning process produced
a point-cloud/surface mesh that was subsequently cleaned,
aligned, and reconstructed into a CAD model. The scanner
specification is summarized in Table 1.

The scanned data were converted into surface
patches using spline/NURBS-based reconstruction. Ge-
ometric healing was then applied to remove holes, non-
manifold features, and self-intersections, resulting in a
watertight CAD model suitable for mesh generation and
CFD simulation. Blade-to-blade periodicity and geometric
symmetry were checked after reconstruction to maintain
the consistency of the runner geometry. Because smooth-
ing and symmetrization may reduce real as-is geometric
variations, the reconstructed CAD model was compared
with the scanned point cloud using CAD-to-scan deviation
analysis.

The CAD-to-scan deviation map in Figure 3 shows
the geometric agreement between the reconstructed CAD
surface and the scanned runner surface. The green regions
indicate areas with relatively low deviation, where suffi-

cient reference surface data were obtained from the 3D
scanning process. These areas were successfully captured
by the scanner and therefore show better correspondence
between the scanned data and the reconstructed CAD
model. In contrast, the blue and red regions represent
higher inward and outward deviations, respectively. These
high-deviation regions mainly occur in areas where the ref-
erence surface from the scanning data was incomplete or
unavailable due to limited accessibility of the 3D scanner
probe, line-of-sight obstruction, and local occlusion during
scanning. Therefore, the blue and red regions should not
be interpreted only as actual geometric errors or physical
deformation of the runner, but also as a consequence of
incomplete scan coverage during the reverse engineering
process.

The quantitative deviation information obtained
from the available CAD-to-scan inspection output is sum-
marized in Table 2. The maximum inward deviation was
19.46 mm, while the maximum outward deviation was
18.39 mm. These maximum values mainly represent local-
ized deviations in regions with incomplete scan coverage.

Table 3 presents the main geometric and operating
specifications of the Francis turbine used in the CFD simu-
lation. The runner has a diameter of 764 mm and consists
of 15 runner blades and 16 guide vanes. The runner inlet
width is 73 mm, while the outlet diameter is 525 mm. The
turbine was evaluated based on a rated head of 104 m and
a rated discharge of 1.17 m3/s. The rated or measured
generator output for validation was 1050 kW, while the
rotational speed was set at 750 rpm.

Table 2. CAD-to-scan deviation information of the reconstructed Francis turbine runner.

Parameter Value Unit/Description

Maximum inward deviation 19.46 mm
Maximum outward deviation 18.39 mm

Tolerance setting 0.01 mm

Table 3. Turbine geometry and operating parameters.

Parameter Value

Runner diameter, D 764 mm
Number of runner blades 15
Number of guide vanes 16

Runner inlet width/outlet diameter dimensions Inlet width: 73 mm, Outlet diameter: 525 mm
Rated head 104 m

Rated discharge 1.17 m3/s
Rated measured generator output 1050 kW reference value at validation point

Rotational speed 750 rpm
Operating heads simulated 60 m, 100 m, and 136 m

Guide-vane openings simulated 4.3◦, 9.3◦, 13.3◦, 15.3◦, 17.3◦, and 19.3◦

Flow passage represented Spiral casing, guide vane, runner, and draft tube
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Table 4. Grid-independence test.

Mesh Elements
Discharge

(m3/s)
Torque
(N·m)

Shaft Power
(kW) Efficiency

Relative
Efficiency
Difference

Coarse 950,000 1.238 13,762 1,080 0.890 2.53%
Medium 1,342,000 1.240 13,635 1,076 0.881 1.50%

Fine 6,900,000 1.242 13,465 1,057 0.868 Reference

Figure 4. Francis turbine computational domain.

The numerical simulations were conducted under three
operating heads of 60 m, 100 m, and 136 m, with six
guide-vane openings of 4.3◦, 9.3◦, 13.3◦, 15.3◦, 17.3◦,
and 19.3◦. The simulated flow passage included the spiral
casing, guide vane, runner, and draft tube. Therefore,
the computational domain represents the main hydraulic
components required to evaluate the overall turbine per-
formance and internal flow behavior. The inclusion of
these geometric and operating parameters improves the
reproducibility of the CFD model and provides a clearer
basis for interpreting the performance curve, hill chart,
pressure distribution, and streamline results.

2.2. Computational Domain and Mesh Generation

To assess geometric fidelity, the reconstructed CAD
surface was compared with the scanned point cloud using
deviation mapping. The evaluation considered mean de-
viation, standard deviation, and the percentage of points
within the selected tolerance band, while particular at-
tention was given to the blade leading and trailing edges
because errors in these regions may affect the predicted
hydraulic performance [12,13]. Particular consideration
was given to deviations along the leading edge and trailing
edge of the blade, because small errors in these areas can
result in large differences in predicted values of torque
and pressure pulsations [12].

Figure 4 shows the computational domain used in
the CFD simulation of the Francis turbine. The domain
consists of four main hydraulic components: the spiral
casing, guide vane, runner, and draft tube. The spiral
casing functions as the inlet passage that distributes water
toward the guide vane. The guide-vane domain regulates
the flow direction and discharge before the water enters

Figure 5. Computational domain mesh.

the runner. The runner was defined as the rotating do-
main where hydraulic energy is converted into mechanical
energy, while the draft tube serves as the outlet passage
and helps recover residual kinetic energy.

The inlet boundary was applied at the spiral casing
entrance, while the outlet boundary was assigned at the
end of the draft tube. The spiral casing, guide vane, and
draft tube were treated as stationary domains, whereas the
runner was modeled as a rotating domain. By including
the complete flow passage from the spiral casing inlet to
the draft-tube outlet, the computational domain provides a
representative model for evaluating turbine performance,
pressure distribution, and internal flow patterns.

A three-dimensional tetrahedral mesh was generated
for the complete computational domain. This mesh type
was selected because it can represent the complex curved
geometry and narrow flow passages of the Francis turbine.
Local mesh refinement was applied near the guide-vane
passages, runner blade leading and trailing edges, wall re-
gions, and runner–draft tube interface, where large veloc-
ity gradients and pressure variations were expected [3,14].
Such local refinement is important in hydraulic turboma-
chinery simulations because the accuracy of predicted
pressure distribution, torque, and efficiency is strongly
affected by the discretization quality in regions with high
flow gradients [6,13].

Figure 5 shows the mesh distribution used in the CFD
model. The final mesh consisted of 274,398 nodes and
1,342,380 elements. The spiral casing domain contained
42,305 nodes and 208,577 elements, the guide-vane do-
main contained 69,980 nodes and 328,246 elements, the
runner domain contained 113,142 nodes and 554,885
elements, and the draft-tube domain contained 48,971
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Table 5. CFD setup and boundary conditions.

Parameter Setting

Software ANSYS CFX 2020 R2
Simulation type Three-dimensional steady-state

Fluid Water, incompressible Newtonian
Water temperature 25 ◦C

Water density 998 kg/m3

Dynamic viscosity 8.9 × 10−4 Pa·s
Turbulence model k-ε

Runner rotational speed 750 rpm
Rotating domain Runner

Stationary domains Spiral casing, guide vane, draft tube
Rotor-stator interface Frozen Rotor

Inlet boundary Total pressure
Inlet total pressure 586 kPa, 978 kPa, and 1330 kPa for 60 m, 100 m, and 136 m heads
Outlet boundary Static pressure = 0 Pa gauge at draft tube outlet
Wall boundary No-slip wall

Inlet turbulence intensity 5%
Target residual 10−4

Monitored variables Discharge, torque, shaft power, and hydraulic efficiency

nodes and 250,672 elements. Local refinement was ap-
plied near the wall regions, guide-vane passages, runner
blade leading and trailing edges, and runner–draft tube
interface to better capture large velocity gradients and
pressure variations in these critical regions [3,6,13,14].
The mesh configuration was selected based on geomet-

ric completeness, local refinement in critical flow regions,
residual convergence, and the stability of monitored hy-
draulic variables during the steady-state calculation. The
monitored variables included discharge, torque, shaft
power, and hydraulic efficiency. Therefore, the selected
mesh was considered adequate for evaluating global hy-
draulic performance and mean-flow characteristics. How-
ever, detailed near-wall flow interpretation should be
treated cautiously because the mesh was primarily de-
signed for global performance prediction rather than high-
resolution boundary-layer analysis.
The relative efficiency difference in Table 4 was calcu-

lated against the fine-grid result using |ηi − ηfine| /ηfine ×
100%. The value decreased from 2.53% for the coarse grid
to 1.50% for the medium grid. Relative to the fine grid,
the medium-grid differences were 0.16% for discharge,
1.26% for torque, 1.80% for shaft power, and 1.50% for
efficiency.
All four medium-to-fine differences were below 2%,

while the medium grid used approximately 80.6% fewer
elements than the fine grid. The medium grid was there-
fore selected for the eighteen production simulations as
a practical compromise between numerical stability and
computational cost. The coarse grid showed larger devi-
ations in torque, shaft power, and efficiency and was not
used for the final parametric study.

Efficiency decreased monotonically from 0.890 to 0.868,
indicating residual discretization sensitivity. Thus,
the medium grid is adequate for comparative global-
performance analysis but does not demonstrate strict
asymptotic convergence. A Grid Convergence Index was
not calculated because the available grid-refinement ratios
were strongly nonuniform.
Numerical convergence for the retained cases was as-

sessed using an RMS residual target of 10−4 together with
stable monitored values of discharge, torque, shaft power,
and hydraulic efficiency. Residual-history files were not
preserved in the archived dataset, so no reconstructed con-
vergence plot is presented. The grid-independence results
and this residual criterion jointly support the use of the
medium grid for global performance trends and steady
mean-flow comparisons.

2.3. CFD Setup and Boundary Conditions

The present simulations were performed using a steady-
state Frozen Rotor approach. Therefore, the numerical
results represent global hydraulic performance and mean-
flow characteristics rather than transient flow phenomena.
This approach is suitable for comparing discharge, torque,
shaft power, hydraulic efficiency, and mean pressure dis-
tribution under different operating heads and guide-vane
openings. However, the model does not resolve time-
dependent rotor–stator interaction, pressure pulsation,
vortex precession, or transient hydraulic instability. Conse-
quently, the pressure-contour and streamline results are
interpreted only as steady or time-averaged flow features.
Any discussion related to flow non-uniformity, secondary-
flow tendency, or off-design behavior is based on the mean-
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flow field and is not intended to represent directly simu-
lated unsteady pressure fluctuation.
The complete Francis turbine domain was simulated us-

ing ANSYS CFX 2020 R2 under a three-dimensional steady-
state framework. The CFD setup and boundary conditions
are presented in Table 5. Water was modeled as an in-
compressible Newtonian fluid at 25 ◦C, with a density
of 998 kg/m3 and a dynamic viscosity of 8.9 × 10−4 Pa·s.
The k–ε turbulence model was used because it is suitable
for predicting adverse pressure-gradient flows, possible
flow separation, and near-wall flow behavior in hydraulic
turbomachinery applications.
The runner was defined as the rotating domain with a

rotational speed of 750 rpm, while the spiral casing, guide
vane, and draft tube were treated as stationary domains.
The interface between the stationary domains and the
rotating runner domain was modeled using the Frozen
Rotor approach. This rotor–stator interface preserves the
relative circumferential position between the stationary
and rotating components during the steady-state calcu-
lation. Therefore, it is appropriate for evaluating global
turbine performance, pressure distribution, and mean-flow
characteristics under different guide-vane openings and
operating heads.
A total pressure boundary condition was applied at the

spiral casing inlet, with inlet total pressures of 586 kPa,
978 kPa, and 1330 kPa corresponding to operating heads
of 60 m, 100 m, and 136 m, respectively. The outlet
boundary was assigned at the draft tube outlet with a
static pressure of 0 Pa gauge. All solid surfaces were
defined using no-slip wall conditions. The inlet turbu-
lence intensity was set to 5%. The numerical solution was
considered converged when the RMS residual reached
10−4 and the monitored hydraulic variables, including
discharge, torque, shaft power, and hydraulic efficiency,
became stable.
The present simulations were performed using a steady-

state Frozen Rotor approach. Therefore, the numerical
results represent global hydraulic performance and mean-
flow characteristics rather than transient flow phenomena.
This approach is considered suitable for comparing dis-
charge, torque, shaft power, hydraulic efficiency, and mean
pressure distribution under different operating heads and
guide-vane openings. However, the model does not re-
solve time-dependent rotor–stator interaction, pressure
pulsation, vortex precession, or transient hydraulic insta-
bility. Consequently, the pressure-contour and streamline
results in this study are interpreted only as steady or time-
averaged flow features. Any discussion related to flow
non-uniformity, secondary-flow tendency, or off-design
behavior is based on the mean-flow field and is not in-
tended to represent directly simulated unsteady pressure
fluctuation. A transient URANS or LES simulation with
pressure-monitoring points would be required to analyse
pressure pulsation and vortex dynamics in detail.

2.4. Performance Parameters and Hill-Chart Construc-
tion

The turbine performance was evaluated using discharge,
torque, shaft power, hydraulic power, and hydraulic effi-
ciency. The runner torque was obtained from the integra-
tion of pressure and viscous forces acting on the runner
blade surfaces. The shaft power was calculated from the
runner torque and angular velocity using:

Ps = Tω (1)

where Ps is the shaft power (W), T is the runner torque
(N·m), and ω is the angular velocity (rad/s). The angular
velocity was calculated as:

ω = 2πn

60 (2)

where n is the runner rotational speed (rpm). The hy-
draulic power available at each operating condition was
calculated using:

Ph = ρgQH (3)

where Ph is the hydraulic power (W), ρ is the water den-
sity (kg/m3), g is the gravitational acceleration (m/s2), Q
is the discharge (m3/s), and H is the operating head (m).
The hydraulic efficiency was then calculated as:

η = Ps

Ph
= Tω

ρgQH
(4)

where η is the hydraulic efficiency. The performance data
obtained from six guide-vane openings and three operat-
ing heads were used to develop the performance curves
and hill chart.

2.5. Validation and Uncertainty Assessment

The CFD prediction was compared with available plant
data at one operating condition. The available reference
power was 1050 kW, while the CFD simulation predicted
a shaft power of 1076 kW. The percentage error was cal-
culated as:

Error = |Ps,CFD − Pref |
Pref

× 100%

Error = |1076 − 1050|
1050 × 100% = 2.48%

This comparison indicates that the CFD-predicted shaft
power is close to the available plant reference value at
the selected operating condition. However, because the
validation is based on only one operating point, it should
be interpreted as an engineering-level comparison rather
than a complete experimental validation. If the reference
value represents generator electrical output rather than
turbine shaft power, generator efficiency and mechani-
cal losses should be considered before direct comparison.
Additional validation using several operating points, in-
cluding head, discharge, power, and efficiency, would be
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Table 6. Performance of Francis turbines in hydroelectric power plants based on simulation results.

Head 60 m

Guide Vane Angle (◦) Discharge (m3/s) Shaft Power (kW) Efficiency (η)

4.3 0.23 77 0.58
9.3 0.54 247 0.79
13.3 0.78 397 0.87
15.3 0.89 473 0.90
17.3 1.01 542 0.91
19.3 1.16 607 0.8977

Head 100 m

Guide Vane Angle (◦) Discharge (m3/s) Shaft Power (kW) Efficiency (η)

4.3 0.34 242 0.72
9.3 0.79 667 0.845
13.3 1.11 974 0.88
15.3 1.24 1076 0.881
17.3 1.357 1150 0.87
19.3 1.51 1217 0.84

Head 136 m

Guide Vane Angle (◦) Discharge (m3/s) Shaft Power (kW) Efficiency (η)

4.3 0.42 434 0.73
9.3 0.98 1217 0.818
13.3 1.338 1513 0.826
15.3 1.49 1661 0.82
17.3 1.61 1749 0.80
19.3 1.78 1822 0.77

required to confirm the accuracy of the model across the
full operating range.
The uncertainty in this study originates mainly from two

sources: geometric reconstruction and numerical simu-
lation. Geometric uncertainty may arise from scanner
accuracy, point-cloud processing, smoothing, symmetriza-
tion, and CAD reconstruction. Numerical uncertainty may
arise from mesh discretization, turbulence model selec-
tion, wall treatment, rotor–stator interface treatment, and
convergence behavior. These limitations should be consid-
ered when interpreting detailed pressure and streamline
results.

3. Results and Discussion
3.1. CFD Performance Curve Results

Table 6 shows the turbine performance parameter
values resulting from CFD simulations. The CFD sim-
ulations were performed under six guide-vane-opening
conditions of 4.3◦, 9.3◦, 13.3◦, 15.3◦, 17.3◦, and 19.3◦

with variations in heads of 60 m, 100 m, and 136 m. The
discharge value through the turbine varies depending on
the head and the opening angle of the guide vane.

The CFD simulations were performed for six guide-

vane openings of 4.3◦, 9.3◦, 13.3◦, 15.3◦, 17.3◦, and 19.3◦

under three operating heads of 60 m, 100 m, and 136 m.
The results show that discharge increases with guide-vane
opening for all operating heads. This trend occurs because
a larger guide-vane opening provides a wider flow pas-
sage and allows more water to enter the runner. Shaft
power also increases with increasing guide-vane open-
ing because the hydraulic energy supplied to the runner
becomes larger.

However, hydraulic efficiency does not increase con-
tinuously. At each operating head, the efficiency increases
up to a certain guide-vane opening and then decreases at
larger openings. At 60 m head, the highest efficiency is
approximately 0.91 at 17.3◦. At 100 m head, the high-
est efficiency is approximately 0.881 at 15.3◦. At 136 m
head, the highest efficiency is approximately 0.826 at
13.3◦. This indicates that the best efficiency point shifts
toward smaller guide-vane openings as the operating head
increases.

At 100 m head and 15.3◦ guide-vane opening, the
CFD model predicted a shaft power of 1076 kW. This value
differs from the available plant reference value of 1050 kW
by 2.48%. The relatively small difference suggests that
the model can estimate the selected operating
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Figure 6. Hill chart of a Francis turbine hydroelectric
power plant.

point reasonably well. Nevertheless, this result should not
be interpreted as proof of full model accuracy for all op-
erating conditions because only one plant reference point
was available [2,4,15–17].

3.2. Hill Chart

A hill chart is a performance map that represents tur-
bine efficiency over a range of operating conditions using
dimensionless unit parameters. In the present study, the
hill chart was constructed from the steady-state CFD re-

sults using the unit speed n11 and unit discharge Q11,
which incorporate the effects of rotational speed, dis-
charge, runner diameter, and head into a single perfor-
mance representation [8–10]. The hill chart displays ef-
ficiency contours in the form of hills, where the peaks
indicate the optimal conditions for the combination of
flow rate, rotational speed, and head that provide the
highest efficiency. These contour lines guide turbine users
in understanding how changes in flow rate and head affect
turbine performance, thereby assisting in adjusting opera-
tions so that the turbine operates at maximum efficiency.
This is useful for monitoring, optimizing, and planning
turbine operations more efficiently. The hill chart for the
Francis turbine at the hydroelectric power plant that has
been studied is shown in Figure 6. The hill chart calcula-
tion formula is shown below.

n11 = nD√
H

(5)

Q11 = Q

D2
√

H
(6)

where:
n11 = Unit value of speed
Q11 = Debit unit value
n = Rotational speed
D = Runner diameter
H = Turbine head

Table 7. Unit speed and unit discharge used for hill-chart construction.

Head (m) Guide-Vane Opening
(◦)

Discharge (m3/s) Efficiency n11 Q11

60 4.3 0.230 0.580 73.97 0.051
60 9.3 0.540 0.790 73.97 0.119
60 13.3 0.780 0.870 73.97 0.173
60 15.3 0.890 0.900 73.97 0.197
60 17.3 1.010 0.910 73.97 0.223
60 19.3 1.160 0.898 73.97 0.257

100 4.3 0.340 0.720 57.30 0.058
100 9.3 0.790 0.845 57.30 0.135
100 13.3 1.110 0.880 57.30 0.190
100 15.3 1.240 0.881 57.30 0.212
100 17.3 1.357 0.870 57.30 0.232
100 19.3 1.510 0.840 57.30 0.259
136 4.3 0.420 0.730 49.13 0.062
136 9.3 0.980 0.818 49.13 0.144
136 13.3 1.338 0.826 49.13 0.197
136 15.3 1.490 0.820 49.13 0.219
136 17.3 1.610 0.800 49.13 0.237
136 19.3 1.780 0.770 49.13 0.261
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Figure 7. Pressure contours in the Francis turbine run-
ner at an operating head of 60 m for different guide-vane
opening angles: (a) 4.3◦, (b) 9.3◦, (c) 13.3◦, (d) 15.3◦, (e)
17.3◦, and (f) 19.3◦.

Figure 8. Pressure contours in the Francis turbine runner
at an operating head of 100 m for different guide-vane
opening angles: (a) 4.3◦, (b) 9.3◦, (c) 13.3◦, (d) 15.3◦, (e)
17.3◦, and (f) 19.3◦.

The hill chart was generated from 18 original CFD oper-
ating points, consisting of six guide-vane openings at each
of the three operating heads. The original CFD data points
were plotted directly on the hill chart as marker points,
while the efficiency contours were generated using interpo-
lation between these data points. In this study, the contour
surface was produced using two-dimensional interpolation
based on the calculated n11, Q11, and hydraulic efficiency
values. Therefore, the hill chart should be interpreted as
an interpolated steady-state CFD performance map rather
than a complete experimentally measured turbine hill
chart.
The calculated unit parameters used for hill-chart con-

struction are summarized in Table 6. At 60 m head, the
value of n11 was 73.97, while Q11 increased from 0.051 to
0.257 as the guide-vane opening increased. At 100 m head,
n11 decreased to 57.30, while Q11 ranged from 0.058 to
0.259. At 136 m head, n11 decreased further to 49.13,
while Q11 ranged from 0.062 to 0.261. This shows that
increasing the operating head shifts the operating points
toward lower unit speed values.
The hill chart indicates a high-efficiency region with effi-

ciency values of approximately 0.885–0.900. This region
represents the operating range close to the best efficiency
point. The performance results show that the optimum
guide-vane opening varies with head. At 60 m head, the
best efficiency occurs at 17.3◦. At 100 m head, the best ef-

ficiency occurs at 15.3◦. At 136 m head, the best efficiency
shifts to 13.3◦. This trend indicates that increasing the
operating head changes the velocity and incidence condi-
tion at the runner inlet, so a smaller guide-vane opening
is required to maintain favorable flow conditions at higher
head.
Because the hill chart was generated from 18 CFD data

points, the contour map should be interpreted as an in-
terpolated performance representation. The original CFD
data points should be plotted on the hill chart so that
readers can clearly identify the simulated points and the
interpolated regions [8–10].

3.3. Pressure Contour

Figures 7 to 9 show the water pressure contours on the
runner, where the pressure gradually decreases from the
inlet to the outlet of the runner. In the runner, the water
pressure drops at the outlet because the water pressure
is converted into mechanical torque work by the runner
blades. The figures also show the pressure difference be-
tween the pressure side and the suction side of the turbine
blades. This pressure difference produces a force on the
runner blades and causes torque on the runner’s rotating
shaft.
The pressure contours show the static pressure distribu-

tion on the Francis turbine runner under different guide-
vane openings and operating heads. In general, the pres-
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sure decreases from the runner inlet toward the runner
outlet because part of the hydraulic energy is converted
into mechanical energy by the runner. The pressure dif-
ference between the pressure side and suction side of
the blade generates the blade force and runner torque.
This behavior is consistent with the role of the runner
and guide-vane system in directing the incoming flow and
converting hydraulic energy into mechanical output [9].
At the 60 m operating head, the pressure field is rela-

tively smoother at smaller guide-vane openings of 4.3◦

and 9.3◦. As the guide-vane opening increases from 13.3◦

to 19.3◦, the pressure gradient across the runner passage
becomes more pronounced. This indicates stronger blade
loading and less uniform pressure distribution at larger
openings. Similar findings have been reported in previous
CFD-based Francis turbine studies, where off-design op-
eration and changes in guide-vane opening significantly
affect internal flow structure, runner-passage behavior,
and pressure distribution [18, 19]. The efficiency data
support this interpretation: the efficiency increases up to
17.3◦ but decreases slightly at 19.3◦, indicating that ad-
ditional discharge beyond the best efficiency region does
not produce proportional energy conversion.
At the 100 m operating head, the highest efficiency occurs

at approximately 15.3◦ guide-vane opening. Therefore,
this condition can be considered close to the best efficiency
region for the 100 m head. At larger guide-vane openings
of 17.3◦ and 19.3◦, shaft power continues to increase,
but efficiency decreases. This means that the additional
hydraulic input is not converted into shaft power as effi-
ciently. The pressure contour at larger openings indicates
stronger pressure non-uniformity, which is consistent with
off-design operation. Previous studies have also shown
that guide-vane opening influences pressure and velocity
distribution, vortex development, and hydraulic stability
in Francis turbine flow passages [19,20].
At the 136 m operating head, the maximum efficiency

occurs at 13.3◦ guide-vane opening. After this point, ef-
ficiency decreases as the guide-vane opening increases.
Although the shaft power increases from 1513 kW at 13.3◦

to 1822 kW at 19.3◦, efficiency decreases from 0.826 to
0.770. This suggests that at higher head, excessive guide-

vane opening may increase hydraulic loading and pressure
non-uniformity. This trend is consistent with experimen-
tal and numerical studies showing that turbine perfor-
mance and best-efficiency conditions vary with guide-vane
opening and operating condition [20,21]. Therefore, the
pressure-contour figures are interpreted together with the
quantitative CFD performance data rather than based only
on visual color differences. This combined interpretation
provides a clearer basis for identifying the relationship
between guide-vane opening, pressure distribution, blade
loading, and hydraulic efficiency. Because the present
study used steady-state CFD, the pressure-contour analy-
sis represents mean pressure distribution and should not
be interpreted as evidence of transient pressure pulsation
or unsteady flow instability.

Figure 9. Pressure contours in the Francis turbine runner
at an operating head of 136 m for different guide-vane

opening angles: (a) 4.3◦, (b) 9.3◦, (c) 13.3◦, (d) 15.3◦, (e)
17.3◦, and (f) 19.3◦.

Table 8. Quantitative summary of pressure-contour range and corresponding best-efficiency condition.

Operating
Head (m)

Approximate
Pressure Range

(kPa)

BEP Guide-
Vane

Opening
BEP

Efficiency
Power at
BEP (kW) Interpretation

60 −67.77 to 553.99 17.3◦ 0.91 542 Moderate pressure gradient and
favorable conversion near BEP.

100 −104.71 to 754.95 15.3◦ 0.881 1076 Higher pressure range; best
efficiency occurs at a moderate

opening.
136 −239.51 to 1048.20 13.3◦ 0.826 1513 Wider pressure range; optimum

opening shifts to a smaller opening
at higher head.
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Figure 10. Streamline patterns in the Francis turbine run-
ner at an operating head of 60 m for different guide-vane
opening angles: (a) 4.3◦, (b) 9.3◦, (c) 13.3◦, (d) 15.3◦, (e)
17.3◦, and (f) 19.3◦.

Figure 11. Streamline patterns in the Francis turbine run-
ner at an operating head of 100 m for different guide-vane
opening angles: (a) 4.3◦, (b) 9.3◦, (c) 13.3◦, (d) 15.3◦, (e)
17.3◦, and (f) 19.3◦.

To support the visual pressure-contour interpretation, the
pressure range shown in the contour legends was sum-
marized together with the corresponding best-efficiency
operating condition in Table 8. The pressure range in-
creased with operating head, from approximately −67.77
to 553.99 kPa at 60 m head, to approximately −104.71 to
754.95 kPa at 100 m head, and to approximately −239.51
to 1048.20 kPa at 136 m head. This trend is consistent
with the increase in hydraulic head and blade loading.
The best-efficiency condition did not occur at the max-

imum guide-vane opening. Instead, it occurred at 17.3◦

for 60 m head, 15.3◦ for 100 m head, and 13.3◦ for 136 m
head. This indicates that the optimum operating condi-
tion is determined not only by the magnitude of pressure
difference, but also by the compatibility between inlet-
flow direction, runner blade loading, and hydraulic-loss
tendency. Therefore, the pressure-contour results are in-
terpreted together with the quantitative performance data
rather than from visual color distribution alone.
It should be noted that the pressure values summarized

here represent the contour-legend range used for visual-
ization. If detailed pressure-probe or area-averaged pres-
sure data are available from post-processing, those values
should be reported in place of the visualization range to

provide a more rigorous quantitative assessment.

3.4. Streamline

Figures 10 to 12 present the streamline patterns within
the runner passage for the three operating heads inves-
tigated in this study, namely 60 m, 100 m, and 136 m.
The streamline results are used to support the interpreta-
tion of mean-flow organization obtained from the steady-
state CFD simulation. Therefore, the discussion is limited
to flow direction, streamline uniformity, inlet-flow com-
patibility with the runner blade passage, and possible
hydraulic-loss tendency under different guide-vane open-
ings.
In general, the streamline patterns show that the guide-

vane opening affects how the incoming flow is directed
into the runner passage. Guide-vane openings close to the
best-efficiency condition produce streamlines that follow
the runner passage more smoothly and uniformly. This
indicates better compatibility between the inlet-flow direc-
tion and the runner blade geometry. Smaller guide-vane
openings restrict discharge and underutilize the runner
passage, whereas excessive guide-vane openings tend to
produce more curved and less organized streamlines. This
behavior suggests a higher possibility of incidence mis-
match and increased hydraulic loss under off-design
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Figure 12. Streamline patterns in the Francis turbine
runner at an operating head of 136 m for different

guide-vane opening angles: (a) 4.3◦, (b) 9.3◦, (c) 13.3◦,
(d) 15.3◦, (e) 17.3◦, and (f) 19.3◦.

mean-flow conditions.
At the 60 m operating head, the streamline distribution

becomes more developed as the guide-vane opening in-
creases. The flow pattern appears more favorable at mod-
erate to large openings, particularly near 17.3◦, where
the highest efficiency for this head is obtained. When
the guide-vane opening is increased further to 19.3◦, the
streamline arrangement becomes less uniform, which is
consistent with the slight reduction in efficiency shown
in the performance data. This indicates that increasing
discharge beyond the best-efficiency region does not nec-
essarily improve hydraulic energy conversion. Therefore,
the 17.3◦ opening can be interpreted as the most favor-
able mean-flow condition among the simulated guide-vane
openings at 60 m head [2,4,9].
At the 100 m operating head, the streamline pattern

at 15.3◦ shows a relatively smoother and more organized
flow structure compared with the smaller and larger guide-
vane openings. This condition corresponds to the highest
predicted efficiency at this head. At 17.3◦ and 19.3◦, the
shaft power continues to increase because of the larger
discharge, but the efficiency decreases. The streamline vi-
sualization suggests that the additional flow may introduce

greater flow non-uniformity and hydraulic loss, so the ad-
ditional hydraulic input is not converted into shaft power
as effectively as at the best-efficiency condition. Thus, the
15.3◦ opening represents the most favorable mean-flow
organization for the 100 m operating head [2,4,9].
At the 136 m operating head, the most favorable stream-

line organization occurs at a smaller guide-vane opening
than in the lower-head cases. The streamline pattern at
13.3◦ appears more compatible with the runner passage
and corresponds to the highest predicted efficiency at this
head. At larger guide-vane openings, the flow becomes
more curved and less uniformly distributed through the
runner passage. This trend indicates that, under higher-
head operation, a smaller guide-vane opening is required
to maintain a favorable inlet-flow condition and reduce
hydraulic-loss tendency. Therefore, the 13.3◦ opening can
be considered the most favorable mean-flow condition
among the simulated guide-vane openings at 136 m head.
The streamline results are consistent with the perfor-

mance data and hill-chart interpretation. The best oper-
ating condition is not obtained at the largest guide-vane
opening, but at the guide-vane opening that provides the
most suitable combination of discharge, inlet-flow direc-
tion, and runner blade loading. For this turbine, the best-
efficiency guide-vane opening shifts from 17.3◦ at 60 m
head to 15.3◦ at 100 m head and 13.3◦ at 136 m head.
This confirms that the optimum opening decreases as the
operating head increases.
Because the present CFD model was performed under

steady-state conditions using a Frozen Rotor approach, the
streamline results should be interpreted only as steady or
time-averaged flow features. Time-dependent flow phe-
nomena are outside the scope of the present simulation
and would require transient CFD analysis or experimental
measurements. Therefore, the present streamline analysis
is used only to support the interpretation of mean-flow
behavior and its relationship with the predicted hydraulic
performance [1,2,15].

3.5. Flow Patterns

The water flow pattern as it passes through the draft
tube is shown in Figure 13. At medium/optimum open-
ings (around the nominal flow rate), the water flow in
the draft tube is relatively parallel to the draft tube axis.
Similar to secondary flow and separation in the runner,
swirling flow in the draft tube also affects the flow dy-
namics within the draft tube, which in turn influences
turbine vibration. At flow rates below 50% and above
110%, although swirling flow occurs in both cases, the
direction of the swirling flow in the draft tube differs. At
flow rates below 50%, the swirling flow is opposite to the
direction of the runner’s rotation, whereas at flow rates
above 110%, the swirling flow is in the same direction as
the runner’s rotation.
Figure 13 shows the streamline patterns in the draft tube

at an operating head of 20 m for six guide-vane openings
of 4.3◦, 9.3◦, 13.3◦, 15.3◦, 17.3◦, and 19.3◦. The
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Figure 13. Steady streamline patterns in the draft tube at
an operating head of 100 m for guide-vane openings of: (a)
4.3◦, (b) 9.3◦, (c) 13.3◦, (d) 15.3◦, (e) 17.3◦, and (f) 19.3◦.

streamline visualization indicates that the flow leaving the
runner still carries a rotational component before entering
the draft tube. At smaller guide-vane openings of 4.3◦ and
9.3◦, the streamlines appear more concentrated and show
stronger swirling motion near the runner outlet. This con-
dition indicates that the flow has not yet been fully aligned
with the draft-tube passage.
As the guide-vane opening increases to 13.3◦ and 15.3◦,

the flow becomes more developed and occupies a larger
portion of the draft-tube passage. The streamlines show
a more continuous flow path from the runner outlet to-
ward the draft-tube exit, although some rotational motion
remains visible. At larger guide-vane openings of 17.3◦

and 19.3◦, the streamline distribution becomes more elon-
gated along the draft tube, indicating higher discharge

and stronger through-flow. However, the persistence of
curved streamline patterns suggests that residual swirl and
flow non-uniformity are still present.
Overall, the streamline results show that guide-vane

opening affects the flow organization in the draft tube.
Moderate guide-vane openings tend to produce a more
stable mean-flow pattern, while very small or very large
openings may increase flow non-uniformity. Because the
simulation was conducted under steady-state conditions,
the observed streamline patterns should be interpreted as
mean-flow characteristics rather than direct evidence of
transient vortex instability or pressure pulsation.

3.6. Blade Loading

The blade-loading distribution was analysed to provide
a quantitative interpretation of the pressure difference
between the pressure side and suction side of the run-
ner blade. The average pressure was evaluated along the
normalized streamwise position from the blade inlet to
the outlet at three span locations: 0.05, 0.50, and 0.95.
Since the pressure difference across the blade surface is
responsible for hydraulic force and torque generation, this
analysis helps explain the effect of guide-vane opening on

Figure 14. Average pressure distribution along the runner
blade streamwise position for different guide-vane

openings at an operating head of 100 m: (a) 4.3◦, (b) 9.3◦,
(c) 13.3◦, (d) 15.3◦, (e) 17.3◦, and (f) 19.3◦. Solid lines
represent the pressure side, dashed lines represent the
suction side, and the blue, orange, and green curves
correspond to span locations of 0.05, 0.50, and 0.95,

respectively.
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runner loading and turbine performance.
Figure 14 presents the blade-loading distribution of the

Francis turbine runner at an operating head of 100 m
under six guide-vane openings. The blade loading is rep-
resented by the average pressure distribution along the
streamwise position from the blade inlet region to the
blade outlet region. The results are shown for three span-
wise locations, namely 0.05, 0.50, and 0.95, in which the
solid lines represent the pressure side and the dashed lines
represent the suction side.
In general, the pressure side shows higher average pres-

sure than the suction side for all guide-vane openings.
This pressure difference indicates the hydraulic loading
acting on the runner blade and contributes to torque gen-
eration. At the smallest guide-vane opening of 4.3◦, the
pressure difference between the pressure and suction sides
is relatively small, indicating weak blade loading and lim-
ited hydraulic energy transfer. As the guide-vane opening
increases from 9.3◦ to 15.3◦, the pressure level on the pres-
sure side increases and the pressure difference between
the pressure and suction sides becomes more pronounced.
This indicates stronger blade loading and more effective
energy conversion.
At the 15.3◦ guide-vane opening, the blade-loading dis-

tribution appears relatively smooth and well developed
along the streamwise direction. The pressure decreases
gradually from the inlet region toward the outlet region,
showing a more stable pressure-loading pattern over the
blade passage. This condition is consistent with the perfor-
mance result at 100 m head, where the highest predicted
efficiency occurs at the 15.3◦ guide-vane opening. There-
fore, this opening can be interpreted as the most favorable
loading condition among the simulated guide-vane open-
ings at 100 m head.
At larger guide-vane openings of 17.3◦ and 19.3◦, the

pressure side reaches higher values, indicating stronger
hydraulic loading. However, the difference between the
pressure and suction sides becomes larger and less uni-
formly distributed, particularly in the mid-to-downstream
blade region. Although these larger openings increase
discharge and shaft power, the less uniform blade-loading
distribution may increase hydraulic-loss tendency. This
explains why the efficiency decreases at larger guide-vane
openings even though the shaft power continues to in-
crease.
Overall, the blade-loading results support the perfor-

mance curve and hill-chart interpretation. The best operat-
ing condition at 100 m head is not obtained at the largest
guide-vane opening, but at the opening that provides a
balanced pressure difference between the pressure and
suction sides, smooth pressure decay along the blade pas-
sage, and favorable hydraulic energy conversion. Based on
this blade-loading analysis, the 15.3◦ guide-vane opening
represents the most suitable operating condition for the
100 m head case.

4. Conclusions
This study evaluated the hydraulic performance of an

existing Francis turbine using an integrated reverse-
engineering and steady-state computational fluid dynam-
ics approach. Eighteen operating conditions were ana-
lyzed by combining six guide-vane openings with heads
of 60, 100, and 136 m. The results showed that discharge
and shaft power increased with guide-vane opening, while
hydraulic efficiency reached an optimum before declining.
The best-efficiency openings were 17.3◦ at 60 m, 15.3◦ at
100 m, and 13.3◦ at 136 m, indicating that the optimum
opening shifts toward a smaller angle as the operating
head increases.
The pressure-contour, streamline, hill-chart, and blade-

loading results showed that moderate guide-vane openings
produced more balanced hydraulic loading and better-
organized mean flow. The medium mesh was selected
because its differences from the fine mesh were below
2% for discharge, torque, shaft power, and efficiency. At
the available comparison point, the predicted shaft power
was 1076 kW, differing by 2.48% from the plant reference
value of 1050 kW.
These findings support the use of reverse engineering and

CFD for engineering-level assessment of existing Francis
turbines. However, the conclusions are limited to steady
mean-flow behavior. Further studies should include vali-
dation at multiple operating points, complete geometric-
deviation statistics, and transient CFD analysis to investi-
gate pressure pulsation and unsteady flow phenomena.
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