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Abstract: This study aims to analyze the performance and conduct reverse engineering of the Francis
Turbine runner at the Tanggari 1 Hydroelectric Power Plant (PLTA Tanggari 1) through 3D scanning
and Computational Fluid Dynamics (CFD) simulation. The main objective is to evaluate the turbine's
efficiency and identify areas for improvement in the runner geometry. Data from the 3D scan are used
to reconstruct a CAD model, which is then numerically tested to predict hydraulic performance. CFD
simulations are carried out under various guide vane openings and head variations. The simulation
results show a maximum efficiency of 93% at a head of 122.4 meters with a guide vane opening angle
of 26° and a flow rate of 8.5 m®/s. The resulting performance curve and hill chart indicate the optimal
operating point or Best Efficiency Point (BEP), which serves as a critical reference for turbine opera-
tion settings. Flow phenomena such as separation and vortex formation were detected under off-BEP
operating conditions, potentially causing pressure fluctuations and vibrations. As a technical recom-
mendation, it is advised to operate the turbine close to the BEP to minimize vibrations and energy
losses. Furthermore, the runner geometry obtained from reverse engineering can serve as a basis for
component refabrication and the development of new runner designs that are more adaptive to varying
load conditions.
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1. Introduction

With a large part of global energy needs expected to be fulfilled by renewable sources,
hydropower has remained the most dependable option since its inception [25]. From the
1950s to the present, Computational Fluid Dynamics (CFD) has evolved into one of the most
reliable design methods. In practical turbomachinery design, turbine blades are often geomet-
rically complex and take the form of freeform surfaces, leading to twisted blade shapes [17].
CFD enables the prediction of fluid flow within complex domains and provides an efficient
way to visualize key turbine parameters that significantly influence the performance of hydro
turbines [1]. For decades, it has been utilized to analyze flow within hydraulic turbines. Nu-
merical modeling presents a challenge because the specialized modeling approaches used to
investigate specific operating conditions often do not complement each other, while multiple
flow phenomena may occur simultaneously [2].

CFD simulations as well as model tests examining the correlation between flow patterns
and hydraulic losses in pump turbines functioning in pump mode revealed a pressure drop at
low-pressure flow rates, attributed to hydraulic losses at the rotor-stator interface. These find-
ings suggest that hydraulic failures in the flow path are the main cause of pressure fluctuations
[3]. Numerous traditional hydraulic turbines, including Francis, Kaplan, Pelton, and Propeller
turbines, have been engineered as well as optimized to efficiently fulfill energy needs [4].
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The CFD methodology has been employed to examine unsteady swirling vortices in the
Francis turbines’ draft tube operating beneath partial load states, complemented by experi-
mental studies on the same flow phenomena [5]. Obrovsky et al. (2013) also showed the
design process for high-speed turbines, utilizing CFD and applying automatic optimization
methods in runner design to evaluate the influence of different runner parameters on the
performance, as well as the hydraulic turbines' cavitation characteristics [6].

Previous studies have shown that more than 60% of installed turbines, along with nearly
80% of hydro turbines needed for forthcoming installations, such as those in the Himalayan
basin in Nepal, will require Francis-type turbines |7]. Hydroelectric power plants with Francis
turbines function by transforming the water’s potential and kinetic energy into mechanical
energy as the runner blades rotation, which is subsequently transformed into electrical energy
by a generator. These turbines are typically employed in medium to high head applications,
ranging from 20 to 600 meters, and can operate with high efficiency levels of around 90—
95%. In this system, water flows through a spiral casing and guide vanes that regulate the flow
before it strikes the runner, enabling the shaft connected to the generator to rotate.

The Francis turbine is the most commonly utilized worldwide, known for its compact
design, excellent operational efficiency, and ability to function across a wide spectrum of wa-
ter heads. Typically, this turbine operates effectively with water heads between 100 and 300
meters, allowing it to reach optimal energy conversion efficiencies of 90-95% [8]. The flow
conditions entering the Francis turbine runner blades greatly affect the turbine’s performance.
Changes in velocity and pressure can create flow instability within the turbine. If the instability
is strong enough, it will cause significant pressure fluctuations [9].

The Francis turbine’s final component is the draft tube, a channel that joins the runner
to the tailwater. Due to its geometric design, the draft tube allows for a gradual increase in
water pressure along the tube, thereby maximizing pressure recovery [10]. The geometry of
the turbine runner is complex and influenced by multiple design parameters [1].

Tanggari 1 Hydroelectric Power Plant (PLTA Tanggari 1) is a hydroelectric facility that
began operation in 1987, adopting vertical-type Francis turbine technology to optimize its
performance. This plant is the largest renewable energy facility supporting the power system
in the North Sulawesi and Gorontalo regions. The main driving source of PLTA Tanggari 1
comes from the discharge water produced by the Tonsealama Hydroelectric Power Plant. The
Francis turbine-based power plant can be used for a broad spectrum of capacities, ranging
from small to large scale, such as the Peusangan Hydroelectric Power Plant, which utilizes a
turbine with a capacity of 23.124 MW and an efficiency of up to 93.77%.

These turbines can also be flexibly installed in either vertical or horizontal shaft config-
urations, depending on installation needs and maintenance accessibility. This condition often
requires turbines to operate not only at the design point but also during transitions between
various operating states. However, it is generally created to operate stably in single operating
point, characterized by steady flow as well as minimal vortex formation at its outlet. On the
other hand, operating outside the structure point leads to more intricate flow patterns as well
as can trigger vortex formation at the runner outlet [11].

The Francis turbines can be operated across a broad range of heads as well as flow rates,
making them the most commonly utilized turbines in hydroelectric power generation. Its
main components include the spiral case (volute), stay vanes, guide vanes, runner, as well as
draft tube. Its design begins with determining the power plant’s flow rate and head. Each
component is dimensioned and created based on these specific head as well as discharge val-
ues [12].

The Francis turbine is broadly utilized to fulfill electricity needs directly. CFD methods
are highly beneficial in the turbine's design and development. However, simulating a full-scale
turbine demands high-performance computing resources. Moreover, methods which are suc-
cessful for one turbine may not necessarily be suitable for others. Therefore, the Francis-99
workshop was established as a forum for discussion and knowledge sharing on CFD tech-
niques used in the field of hydroelectric power generation, particularly for high-pressure Fran-
cis turbines [2].

The HydroFlex runner is a newly designed and optimized Francis runner intended for
verification as well as validation studies. This runner is designed to enable flexible operation.
Meanwhile, the other turbine components—apart from the runner—remain the same as
those in the Francis-99 runner configuration [13].

Most previous studies have focused on developing general mathematical models of ero-
sion that identify the fundamental parameters influencing erosion rates. Numerous initiatives
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have focused on establishing empirical relationships to forecast erosion rates for turbine run-
ners as well as components. Nevertheless, these relationships heavily depend on constants
that vary according to the specific conditions at each location. Recent improvements in CFD
have been employed to simulate erosion rates along with its patterns in hydraulic turbines
[14]. The operational stability of turbines is directly related to the safety of power plants [15].
Currently, the efficiency of this type of machine is around 70%, significantly lower than that
of modern turbines, which can reach up to 90% [16]. Currently, the development of propeller
runners is largely focused on enhancing individual capacity and boosting efficiency, which has
attracted the attention of many researchers [18].

Incorporating numerical optimization algorithm into the design process proves to be a
more efficient method for identifying the best final solution [19]. Enhancing the efficiency of
hydraulic machinery and turbine performance has become a crucial focus within the hydraulic
machinery industry [20]. A precise forecast method was developed for Francis-type turbines,
calculating the entire flow field to reduce numerical errors [21]. A different method for repli-
cating the complete turbine model involves using the flow-passage method on the distributor
as well as runner domains [22]. Alongside experimental analysis, CFD simulations have also
been employed to study this flow. Most of these simulations utilize Reynolds-averaged Na-
vier—Stokes (RANS) methods due to their lower computational costs compared to scale-re-
solving techniques [24]. The main objective of CFD tools is to accurately estimate hydraulic
efficiency and pressure distribution, while also identifying significant flow phenomena [23].
The main component, the runner, functions to convert fluid energy into mechanical energy.

To evaluate performance efficiency and extend component lifespan, a reverse engineer-
ing process was catried out on the Francis turbine runner at the Tanggari Hydroelectric Power
Plant (PLTA Tanggari). The experiment objective is to analyze the design, assess petrfor-
mance, and identify opportunities for improvement using a Francis turbine model. This re-
port aims to conduct reverse engineering on the Francis turbine runner at PLTA Tanggari 1,
focusing on hydraulic performance analysis and geometric studies. Using 3D scanning tech-
nology and CFD simulation, this process is expected to deepen the runner design understand-
ing as well as suggest recommendations for improving its efficiency and optimizing the de-
sign. The CFD simulation primary focus is to evaluate the water turbine’s hydraulic perfor-
mance, particularly the runner component, which is the core element and has the most sig-
nificant impact on turbine efficiency. Through the analysis of pressure distribution and ve-
locity profiles, the simulation aims to identify areas that may potentially cause inefficiencies
or energy losses.

2. Methodology

Equation
In CFD analysis, fluid flow is analyzed using the Navier-Stokes equations, which form
the fluid dynamics’ foundation. These equations encompass the law of conservation of mass
(continuity), momentum, and energy.
e Continuity equation:
The continuity equation for incompressible fluids is:

d
—p+V-(pv)=0

ot
Since the flow is considered incompressible (density, p, is constant), this equation
becomes:
V-v=20
where:

v is the fluid velocity vector
This equation guarantees the fluid mass in the system is conserved, with no accu-
mulation or loss of mass within the flow domain.
e Navier-Stokes equation (Momentum):
The momentum equation (Navier-Stokes) for fluid flow can be written as:
v
p(§+v'l7v> =—Up+uVv+f

where:
p is fluid density
p is pressure
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U is dynamic viscosity
fis the external volumetric force (gravity)

This equation shows how changes in momentum are influenced by forces such as pres-
sure, viscous friction, and external forces. In a Francis turbine, the pressure and velocity dis-
tribution obtained from solving this equation provide insights into the runner’s performance.

The flow inside a Francis turbine runner is generally turbulent, making the use of turbu-
lence models in CFD simulations essential. The most commonly used turbulence models are
the k-g and k-w models.

The k- model is a two-equation turbulence model that predicts turbulent kinetic energy
(k) and the rate of turbulent energy dissipation (€). The k-e equation for turbulent kinetic
energy is:

ot
And the equation for the rate of dissipation is:

de 12 €
E+U-V6 = V(0_6V€>+C1E6k — Cye

dk Vg
—+v-Vk=l7(—Vk)+Gk—€
O-E

where:

Gk is the production of turbulent energy

vt is the turbulent viscosity

The method used is reverse engineering. The stages of the Reverse Engineering process

are as follows:

e Data Collection
Collect the required data, including technical drawings (blueprints or original com-
ponent drawings), 3D scan point clouds (from 3D scanning of the physical compo-
nent), and measured dimensions (manual measurements using measuring tools).

e 3D Modeling (Casing, Guide Vane, Draft Tube)
Create 3D models of components such as the casing (housing), guide vanes (flow
directing fins), and draft tube (fluid outlet conduit).

e 3D Modeling of the Runner
Create a 3D model of the runner (the rotating part, such as the impeller or turbine
runner).

e CFD Analysis (Computational Fluid Dynamics)
Perform fluid flow simulations using CFD methods to analyze the hydrodynamic
performance of the modeled components.

e Performance Evaluation (Decision Point)
Evaluate whether the simulated performance meets the design target or actual per-

formance.
o If No — Return to the “3D Modeling of the Runner” stage to revise the runner
design.

o If Yes — Proceed to the next stage.
o Performance Curve, Hill Chart
Once the performance is satisfactory, the analysis results are used to generate a pet-
formance curve (efficiency, head, flow rate, etc.) and a Hill chart (3D performance
map for various combinations of operating parameters).

e Completion
The reverse engineering process is considered complete.

3D Scanning

The structured light scanner utilized in 3D scanning captures the intricate geometry of
the runner with great precision. The scan data, in the form of a point cloud, is processed using
Spaceclaim softwatre to produce a smooth and noise-free mesh. This mesh is then further
processed into a solid CAD model that can be used for analysis.

CAD Model Creation

The CAD model is created using Spaceclaim software. This process includes converting
the mesh into a solid model, smoothing the geometry, and adjusting the dimensions. The
resulting CAD model is then used as the basis for CFD simulation. The main goal of 3D
modeling is to obtain a 3D runner model that closely matches the actual runner’s dimensions
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and geometry as a reference, so that the reverse-engineered model has hydraulic performance
characteristics similar to the actual runner. The process and results of 3D modeling heavily
depend on the quality of the 3D scanning data acquisition.

CFD Simulation

CFD simulation was performed using ANSYS CFX to analyze the fluid flow through
the runner. The boundary conditions applied include inlet flow velocity, outlet pressure, and
runner wall conditions. The k-e turbulence model was used to represent the flow under op-
erating conditions. The simulation results were analyzed to understand the pressure distribu-
tion, fluid velocity, and flow patterns occurring inside the runner.

CFD simulation process:

e  Geometty creation of the model/problem as shown in Figure 3a

e Meshing

o Definition of the physical model:

- k-epsilon turbulence model

—  Fluid is water with a density of 998 kg/m?
o Pressure reference = 1 atm
o  Steady-state simulation

e The mesh in each domain is fully constructed using tetrahedral elements. Figure 1b

shows the mesh for each domain. The simulation was performed without including
the spiral case domain. In the numerical calculation of the turbine, the number of
nodes in the spiral domain is 291,913 (elements 1,561,255), runner domain 83,869
(elements 425,865), guide vane domain 182,809 (elements 957,049), draft tube do-
main 44,970 (elements 231,687), with a total number of nodes of 603,561 (elements
3,175,856).

Figure 1. (a) Geometry Model of Tanggari 1 Francis Turbine for CFD Simulation
(b) Meshing Domain Simulation.

Definition of Boundary Conditions

In the entire computational domain, 3D RANS equations are written in a conventional
form for every mesh element. Turbulence phenomena are modeled using the k-e model. Un-
der the simulation operating conditions, the mass flow is specified at the spiral inlet, while an
average pressure of 0 Pa is applied at the draft tube outlet. Simulations were conducted at five
different guide vane opening angles (6, 11, 21, 26, 31, and 41 degrees) and at three different
head levels (89.55, 122.4, and 149.4 meters). A total of 18 CFD simulation scenatios were
performed The runner domain functioned as rotating domain with its axis reference at a ro-
tation speed of 750 rpm. The process of running/solving the mathematical equations undet-
lying the CFD was completed iteratively, analysis and visualization of the CFD solution.

3. Results and Discussion

The reverse engineering process of the runner begins with acquiring 3D scanning data
of the runner as shown in Figure 2. The 3D scan data is used as a geometric reference in the
3D modeling of the runner. The 3D model obtained through the reverse engineering process
is then verified in terms of hydraulic performance and structural strength using CFD analysis.
The 3D modeling is carried out using SpaceClaim software, while the CFD analysis is per-
formed using ANSYS CFX.
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Figure 2. Runner of Tanggari 1 Hydropower Plant from 3D scanning results.

Re-modeling Results

The reference surface model data cannot be directly used as a reference during the 3D
model reconstruction process because the data must go through filtering, removing, and align-
ment processes to facilitate the reconstruction of the blades and ensure conformity with the
reference coordinates. In the reconstruction process, at least three features must match the
reference data, namely the blades, hub, and shroud. Figure 3 shows the 3D model of the
PLTA Tanggari 1 runner after remodeling.

Figure 3. 3D model of the Tanggari 1 Hydropower Plant runner after remodelling.

CFD Simulation Results
Turbine Performance Curve

Table 1 shows the turbine performance parameter values obtained from the CFD simu-
lation. The CFD simulations were performed at five guide vane opening angles, namely 6, 11,
21, 26, 31, and 41 degrees, with head vatiations of 89.5, 122.4, and 149.4 meters. The turbine's
flow rate varies based on the head and the angle of the guide vane opening. The guide vanes
(GV) in Francis turbines experience intermittent flow effects as a result of high flow velocities
and rapid accelerations [26]. According to Brekke, the wakes generated by the guide vanes in
a Francis turbine behave like 'pressure shock' waves, inducing strong pressure pulsations
within the runner [27]. The guide vane configurations that were developed align with the
carlier geometric descriptions and flow analysis. These configurations rely on turbine input
parameters, which play a vital role in the preliminary design phase [28]. IGVs positioned at
0° were found to have negligible influence on the pump's hydraulic behavior in both high-
efficiency regions and at low flow rates [29]. This impact the pressure distribution causing
flow separation on the blades [12].

Table 1. Performance of Francis Turbine at PLTA Tanggati 1 from Simulation Results.

Head 89.5 meter

Guide vane angle (degrees) Discharge (m3/s)  Axle Power (MW) Efficiency (%)
6 1.43 0.27 0.21
11 2.76 1.65 0.67
21 5.67 4.318 0.865
26 6.9 5.33 0.88

31 8.03 6.27 0.89
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41 9.27 6.11 0.76
Head 122.4 meter
Guide vane angle (degrees) Discharge (m3/s) Axle Power (MW) Efficiency (%)
6 1.7433 1.079 0.515
11 3.3859 3.207 0.79
21 6.93 7.614 0.917
26 8.4662 9.5282 0.9398
31 9.66 10.616 0.9195
41 11.59 11.85 0.855
Head 149.4 meter
Guide vane angle (degrees) Discharge (m3/s) Axle Power (MW) Efficiency (%)
6 1.974 1.764 0.61
11 3.88 4.59 0.8
21 7.88 10.68 0.9255
26 9.4255 12.64 0.9185
31 10.8 14.28 0.904
41 12.82 15.5 0.833

At a head of 122.4 meters (the actual head level at which the turbine operates in PLTA
Tanggari 1), the maximum output power is achieved at the largest guide vane opening (guide
vane angle of 41°) with a shaft power of 11.85 MW. At this level, the maximum efficiency of
93% is reached at a guide vane opening of 26°, with a turbine shaft output power of 9.53 MW
at an inlet flow rate of 8.5 m?3/s.

The graph in Figure 4 is a performance curve that shows the flow rate (guide vane open-
ing) influence on the turbine operating parameters (power and efficiency) at each different
head level. The water’s flow rate increases as the guide vane opening becomes larger. The
pattern of increasing shaft output power shows a comparable trend to the increasing flow
rate as the guide vane opening widens. The performance curve pattern at each head level
tends to be the same, where turbine efficiency increases as the flow rate entering the turbine
rises (achieved by increasing the guide vane opening) until reaching the best efficiency point
(BEP), then decteases as the guide vane opening continues to inctrease.

Figure 4. Performance curve at (a) head 89.5 meter (b) head 122.4
meter (c) head 149.4 meter.

In the curve shown in Figure 4, where the turbine operates at a head level of 122.4
meters, the turbine reaches its peak efficiency at a specific flow rate. The peak efficiency from
the simulation results for the Francis turbine at PLTA Tanggari 1 is 93%. When flow rates
are below or above this point, turbine efficiency declines. This curve is parabolic in shape,
with efficiency peaking in the middle and dectreasing on both sides at low and high flow rates.
At highest efficiency, the flow rate entering the turbine is called the nominal flow rate, and
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this condition is referred to as BEP. The flow percentage is represented by the guide vane
opening angle, with 100% flow aligning with the best efficiency point [30].

Hill Chart

Hill Chart
Turbin Francis PLTA Tanggari 1

68 70 72
nll

Figure 2. Hill chart francis turbine PLTA Tanggari 1

A Hill chart is a graphical representation used to illustrate the correlation between flow
rate (Q), head (H), rotational speed (tpm), runner dimensions (D), and the hydraulic turbine
efficiency such as a Francis turbine. The Hill chart displays efficiency contours in the form of
hills, where the peaks indicate the optimal conditions for combinations of flow rate, rotational
speed, and head that yield the highest efficiency.

These contour lines guide turbine operators in understanding how changes in flow rate
and head affect turbine performance, thereby assisting in operational adjustments to ensure
the turbine works at maximum efficiency. This is useful for monitoring, optimizing, and plan-
ning turbine operations more effectively. The Hill chart of the Francis turbine at PLTA Tang-
gari 1 is shown in Figure 5.

nD Q
N1 Nl Q11 YN

nl1 is the value of the unit speed and Q11 is the unit flow rate value, both calculated
using the equations above. Where, n represent the rotational speed, D stands for the runner
diameter, and H refers to the turbine head. The efficiency values and other parameters ob-
tained from the CFD simulations ate used to calculate the n11 and Q11 values for each tut-

bine operating condition, which are then plotted on the Hill chart graph.

Pressure Contours

Figures 6—8 show the water pressure contours on the runner, where the pressure values
gradually decrease from the inlet to outlet. At the outlet, the water pressure on the runner
diminishes because the water pressure is converted into mechanical torque work by the run-
ner blades. The figures also show a pressure discrepancy between the turbine blades' pressure
and suction side. This pressure difference generates a force on the runner blades, producing
torque on the runner shaft.

YRR L PN e, < T

GV 6° Angle GV 11° Angle
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)N\J

GV 21e Angle GV 26° Angle

GV 31° Angle GV 41° Angle
Figure 6. Runner pressure contours at operating head of 89 meters.

\J

GV 31 Angle GV 410 Angle

Figure 7. Runner pressure contours at an operating head of 122 meters.
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GV 31° Angle GV 410 Angle

Figure 8. Runner pressure contours at an operating head of 149 meters.

Fluid Flow (Streamline)

The fluid flow in the runner and draft tube is shown in Figures 9-11. At the optimum
guide vane opening angle, where the turbine efficiency is highest, the flow in the runner oc-
curs as expected according to the design conditions, without flow sepatration or vortex flow
in the runner. At medium openings, only minor secondary flow occurs in the suction side
area of the blades near the hub. Flow separation occurs at small guide vane openings (low
flow rate) around the suction side of the blades, marked by vortex flow in the space between
the runner blades. This flow also causes local pocket pressure in the blade passage. The vortex
flow phenomenon in the runner affects the dynamic pressure on the runner. The greater the
pressure fluctuates, the higher the vibration on the runner.

N =™\

GV 6° Angle GV 11° Angle

T
[
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GV 21° Angle GV 41°Angle

Figure 9. Water flow in the runner at an operating head of 89 meters.
A\ N\ [} # = NN D

\

GV 6° Angle GV 11° Angle

4
GV 26° Angle

AN, D

GV 31°Angle GV 41° Angle

Figure 10. Water flow in the runner at an operating head of 122 meters.
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(a) GV 6° Angle (b) GV 11° Angle

(c) GV 21° Angle (d) GV 260 Angle
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\

(e) GV 31° Angle () GV 41° Angle

Figure 11. Water flow in the runner at an operating head of 149 meters.

Switling flow in the draft tube occurs at partial loads (below 50% and above 110% of
the nominal flow rate). The water flow patterns passing through the draft tube are shown in
Figures 12-14. At medium/optimum openings (around the nominal flow rate), the water flow
in the draft tube is relatively parallel to the draft tube axis. Similar to the secondary flow and
separation in the runner, the switling flow in the draft tube also affects the flow dynamics in
the draft tube, which impacts turbine vibrations.

At openings with flow rates below 50% and above 110%, although swirling flow occurs
in both cases, the direction of swirling flow in the draft tube differs. At flow rates below 50%,
the swirling direction is opposite to the runner’s rotation, whereas at flow rates above 110%,
the swirling flow direction is the same as the runner’s rotation.

GV 6° Angle GV 11° Angle
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GV 31° Angle GV 41° Angle

Figure 12. Water flow in the draft tube at an operating head of 89 meters.

GV 31° Angle GV 41° Angle

Figure 13. Water flow in the draft tube at an operating head of 122 meters.
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GV 31° Angle GV 31° Angle

Figure 14. Water flow in the draft tube at an operating head of 122 meters.

4. Conclusions

This study successfully conducted reverse engineering on the Francis turbine runner of
the Tanggari 1 Hydroelectric Power Plant by utilizing 3D scanning technology and Compu-
tational Fluid Dynamics (CFD) simulation. The remodeled runner showed good geometric
conformity with the original component. CFD simulations indicated that the turbine’s maxi-
mum efficiency reached 93% at a head of 122.4 meters with a guide vane opening angle of
26° and a flow rate of 8.5 m*/s.

The performance curve and hill chart generated from the simulations revealed a Best
Efficiency Point (BEP), which is crucial for optimizing turbine operation. Pressure distribu-
tion and flow patterns on the runner showed that optimal flow occurs at a medium guide
vane opening. Conversely, at small and large openings, flow separation and vortex phenom-
ena were identified, causing pressure fluctuations and increased vibrations in the runner.

Overall, the reverse engineering approach combined with CFD simulation proved effec-
tive in analyzing and improving turbine performance. The results of this study can serve as a
basis for runner design improvements and more efficient turbine operation management in
the future.
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