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Abstract

This paper presents a simplified design methodology for Francis turbine components for the low-head micro-hydropower applications. The run-
ner is developed using the Bovet method, while the remaining components are designed taking the runner as the reference. For the design of
a free vortex-type of spiral casing with circular cross-section, the guidelines provided by UNIDO are considered. Likewise, the guide vanes are
modeled using the NACA airfoil profile, and the draft tube adopts a Bend-Spacer-diffuser arrangement to enhance pressure recovery. CFD simu-
lations are performed in ANSYS FLUENT to analyze flow characteristics, pressure distributions, and performance metrics across the distributor,
runner, and draft tube. The distributor shows favorable pressure and velocity distributions with a minor head loss of 0.46 m. The runner pro-
duces a power output of 17.11 KW with a hydraulic efficiency of 92%, though it operated in off-design conditions, while the draft tube achieves
effective pressure recovery despite a major head loss of 1.26 m. The turbine attains an overall efficiency of 83.5%, highlighting the feasibility of

a simplified and cost-effective design for small-scale hydropower systems.
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1. Introduction

Hydropower is produced in 150 countries worldwide, but Nepal’s
economically feasible hydropower generation capacity is one of
the highest in the world. Nepal, having more than 6000 rivers and
rivulets, has one of the highest potentials to become a source of
energy security for South Asia [1]. Nepal has a theoretical gener-
ation potential of 84,000 MW, out of which 45,610 MW is slated
to be techno-economically feasible [2]. According to estimates,
Nepal has the potential to generate 40,000 MW from large-scale
hydropower and 50 MW from micro-hydro plants. In the case of
micro-hydro plants (MHP) in Nepal, Crossflow and Pelton turbines
are generally used despite the great potential of Francis turbines.
Francis turbines are applicable to a wide range of head and spe-
cific speed. Their wide range of applicability, easier manufactura-
bility, and ability to operate efficiently under diverse conditions
make them more advantageous than other hydraulic turbines [3].
Owing to this versatility, Francis turbines have become the most
widely used turbine type, installed in about 60% of hydropower
plants worldwide [4].

The major components of a Francis turbine are the spiral casing,
guide vanes, runner, and draft tube. In a hydroelectric turbine sys-
tem, the spiral casing encases and directs water flow, guide vanes
control its velocity, the runner converts water kinetic and pres-
sure energy into mechanical energy, and the draft tube ensures
a smooth exit for water, collectively enabling efficient electricity
generation from flowing water.

The design and development of Francis turbine components are
very technical due to their inherent complexity [5, 6]. Moreover,
each requires a unique methodology tailored to specific local de-
sign conditions [5, 7]. Nevertheless, many efforts have been made
to develop the Francis turbine and its components. In such a pro-
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cess, computational fluid dynamics (CFD) has played a significant
role, as it accurately predicts and analyzes three-dimensional flows
within the turbomachinery [7, 6].

Several studies have focused on the hydraulic design of Francis
turbine components for various head conditions, employing dedi-
cated software tools to generate and analyze turbine geometries
[8]. Other works have utilized proprietary design methodology,
like Alstom Hydro’s approach, for designing large Francis turbines
(up to 1000 MW) [9]. Additionally, optimization-based approaches
have been proposed, where a preliminary design is derived from
different theoretical formulations and later refined through CFD
analysis and performance evaluations [7, 6]. A few studies have
also integrated structural integrity for the safety of components
[10]. These methods show promising results, achieving overall ef-
ficiency close to 90% [7, 10]. However, these methods are either dif-
ficult to replicate outside highly specialized facilities due to their
precision and complexity, or are only suitable for medium to high
head applications.

Furthermore, studies depict that the average efficiency of micro-
hydropower plants (MHPs) in Nepal is around 59.83%, ranging
from 39.7% to 73.5% [12, 13]. This figure is significantly lower than
the efficiencies achieved in developed countries [12]. Moreover,
most of the MHPs in Nepal are equipped with cross-flow and Pel-
ton turbines [13, 14]. Despite the strong potential of the Francis
turbine, it has not yet been adopted in Nepal’s MHP sector. More
than 3300 plants established to date lack Francis turbine installa-
tions, primarily due to insufficient technical expertise in design
and manufacturing [5].

To enhance the feasibility and sustainability of Francis turbines
for local production, simplified component designs are essential
[5, 14]. Several attempts have been made to simplify the Francis
turbine for MHP applications. One such approach involved combin-
ing guide vanes and stay vanes into a single structure, improving
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Figure 1: Variation of meridional profile with specific speed [11].

overall efficiency from 86.15% to 90.2% at the Best Efficiency Point
(BEP) [5]. Another implemented fixed vanes and a trapezoidal spi-
ral casing, achieving a decent overall efficiency of 82.47% [14], indi-
cating the potential of simplified design in improving efficiencies
of MHP performance.

Building upon these previous efforts, the present study aims to
develop a generalized and accessible design methodology for Fran-
cis turbine components, viz, spiral casing, guide vane, and draft
tube for low head applications. In addition, it seeks to perform
CFD simulations of the complete turbine to analyze and validate
the performance of different turbine components under the head
and flow conditions of Damile Micro Hydro Plant located at Pharph-
ing, Kathmandu.

2. Design methodology

The main objective of this study is to design the components of
a Francis turbine with dimensions, location, and flow characteris-
tics centered around the runner. The derived runner is developed
using the Bovet method and subsequently optimized. The input
parameters for the runner, such as head, flow rate, and rotational
speed, are the important parameters that govern the design of the
turbine components.

For the preliminary design of the spiral casing, in-house MAT-
LAB codes are used, which incorporate different empirical and the-
oretical formulas, primarily referenced from the Hydrodynamic
Design Guide for Small Francis and Propeller Turbines published by
the United Nations Industrial Development Organization (UNIDO).

In the case of guide vanes and draft tubes, prior studies are taken
into account. The stepwise procedure and theoretical explanations
for component designs and CFD analysis are provided in the subse-
quent chapters. To support the process, a comprehensive list of
input parameters used in the initial design is presented in Table 1.

Table 1: Design specification of turbine.

Parameters Values Unit
Head, H 15 m
Discharge, Q 0.12

m3/s

2.1. Design of runner

The Bovet method employs empirical relations to generate the
dimension of the meridional profile of a Francis runner. In this

\

Figure 2: Spiral casing cross plan view [17].

approach, the dimensionless specific speed number (ns) is a criti-
cal parameter that governs the profile’s shape and geometry. 1t is
evaluated using the equation 1, involving parameters like head (H),
flow rate (Q), and rotational speed () [11, 15].
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The hydraulic design of a Francis runner, used as a reference for
the development of turbine components, is taken from a previous
study [16] and is based on the head and flow conditions of Damile
MicroHydro located at Pharphing, Kathmandu.

Various meridional profiles developed using the Bovet method
within the operating range 0.1 < n, < 0.8 is shown in Fig. 1.

2.2. Design of spiral casing

The primary function of the spiral casing is to deliver a symmet-
ric and uniform flow across the leading edges of the guide vanes.
Additionally, it ensures the necessary circulation so that water ap-
proaches the guide vanes at an appropriate angle, enabling optimal
turbine operation.

A comparative study of spiral casing with square, trapezoidal,
and circular cross-sections concluded that, though secondary flow
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at the inlet is minimal, it tends to increase as fluid moves further
due to the imbalance between radial pressure gradient and cen-
trifugal force [18]. Despite the increase, the circular cross-section
has low secondary flow, leading to its selection for the present de-
sign.

The free vortex spiral casing was selected from different flow
types, including accelerated, decelerated, and free vortex. In the
free vortex type, the flow within the guide vanes is nearly axisym-
metric, which helps to maintain uniform loading on the runner
and minimizes unbalanced forces [19]. Furthermore, it also ex-
hibits lower total pressure losses compared to the accelerated type.
Therefore, the design is based on the law of constant velocity mo-
ment, which governs free vortex flow distribution.

The spiral casing is designed implementing the guidelines pro-
vided in the Hydrodynamic Design for Small Francis and Propeller
Turbine by the United Nations Industrial Development Organiza-
tion (UNIDO) [17].

Clur = const. (2)

The specific casing entrance velocity (K Vs,,) is an important pa-
rameter to calculate inlet diameter (Dsp). It is determined using
equation 3.

KV =—2x10"02 +1.1 x 10 ®n, +0.0465  (3)

Figure 3: Spiral casing cross section [17].

Likewise, spiral casing inlet diameter (Ds,;,) can be evaluated us-
ing equation 4.

D= 2@
N 7K Vip/29H,,

Another key parameter, Dy, is determined on the basis of the
outer diameter of the guide vane. Similarly, the heights B, and
Bs,, as shown in Fig. 3, are evaluated based on the guide vane
height.

The cross-sectional area of the spiral casing (As,) at various
points is calculated using geometric relationship 5.

(4)

By Bspe
=P 5
50 )+ 5 )

where, Bspis calculated using equation 6.

Bsp =2y/1r2 —¢? (6)

As shown in the spiral casing cross plane view Fig. 2, non-
dimensional area variation with respect to the section angle () is
determined using equation 7.

2 2
Asp = mr” — r” arctan(

Asp0

= —0.00286 + 1.005 (7)
AspOO

Figure 4: Spiral casing cross section geometry [17].

After evaluating the non-dimensional area variation, the cross-
sectional area is computed at 20 equal intervals along the wrap an-
gles, as shown in Fig. 4. These computed cross-sectional areas, plot-
ted in Fig. 5, are used for the design of the spiral casing.
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Figure 5: Cross section of spiral casing at different wrap angles.

2.3. Design of guide vanes

The guide vanes redirect the flow around the runner and can
be rotated about their axis to regulate water flowing into the run-
ner. Proper placement of the rotation center is essential to avoid
the interference between the guide vane blades and the runner
blades, particularly when the guide vanes are fully open. There-
fore, the diameter of the circle passing through the center of the
guide vanes (D) is typically set to 1.16 times the runner inlet di-
ameter, as shown in Fig. 7 [17].

The number of guide vanes is selected as 12, based on standard
configurations (12, 16, or 24 vanes) that ensure even flow distribu-
tion around the circumference while also providing balance and
symmetric mechanical design [20].

Once the rotational axis and the number of vanes are deter-
mined, their lengths are calculated in such a manner that there
is an overlap between the guide vanes when fully closed. The dis-
tance between the centers of adjacent guide vanes (t,), mentioned
in Fig. 6, is a key parameter to determine the guide vane length,
is approximated as the arc length between two adjacent rotation
centers on the guide vane circle. It is calculated using equation 8.

Dy
number of guide vanes

~

ty ~

(8)

The mean length of the guide vane (L,) is designed slightly
greater than the pitch distance (¢4) to ensure complete closure. To
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achieve a 10% overlap in closed position, the guide vane length L,
is computed using equation 9.

L, = mDy 1 )

1
number of guide vanes 0.9

Figure 6: Guide vane dimensions [20].
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Figure 7: Guide vane location [20].

A guide vane with a symmetric profile offers improved pressure
distribution, flow pattern, and also reduces the risk of cavitation
[21], which altogether enhances the efficiency and durability of the
Francis turbine. Consequently, for the cross-sectional shape, the
NACA 0012 airfoil is considered as it is most widely used for guide
vanes [22]. Finally, based on numerical calculations, the guide vane
angle is determined to be 23 degrees.

2.4. Design of draft tube

The draft tube is a critical component in reaction turbines used
primarily for pressure recovery. In addition to recovering pres-
sure, it allows the installation of the turbine above the tailwater
level, reduces the exit velocity, and also supports structural design.
The arrangement of the draft tube that transfers flow from the out-
let of the horizontal turbine to the lower reservoir consists of a
Bend-Spacer-Diffuser.

The bend refers to the curved section of the draft tube, which
typically follows the outer edge of the turbine and redirects the
flow smoothly toward the diffuser section. The spacer is a compo-
nent installed between the turbine outlet and the beginning of the
bend. The diffuser is a final section connected to bend with a grad-
ual increase in diameter from the inlet to the outlet. Its purpose
is to decelerate the flow, converting the kinetic energy of water to
pressure energy.

Nearly infinite samples of draft tubes can be created by varying
the different components of the draft tube, such as a cone, spacer,
bend, and diffuser [23].

The performance of the draft tube is highly susceptible to bound-
ary layer development and flow separation, which is mainly influ-
enced by the divergence angle. To mitigate flow separation, the
maximum divergence angle is limited to 5 degrees. Additionally, ki-
netic energy losses at the exit significantly impact the draft tube’s
hydraulic performance. The exit discharge velocity is kept as low
as possible to prevent the effective head loss between 0.2% and
0.5% [24]. However, a decrease in the exit velocity increases the
exit area, which could undesirably increase the width of the draft

tube outlet. Therefore, the optimum outlet velocity can be deter-
mined using equation 10.

Vs = (0.3t00.7) HY/? (10)

Where,
Vs = velocity at draft tube outlet
H. = effective head of turbine

3-3

Figure 8: Conical type draft tube [24].

3. Numerical methodology

3.1. Numerical modeling

Numerical analysis is conducted to evaluate the performance of
the different components developed for the operation of the Fran-
cis turbine runner. To analyze the complex fluid flow within the
turbine and its components, computational fluid dynamics (CFD)
is employed.

The flow inside the Francis turbine is three-dimensional and
turbulent. To accurately capture this, Reynolds-Averaged-Navier-
Stokes (RANS) equations are solved using appropriate turbulence
models. Furthermore, the complete CFD analysis of the full turbine
is carried out in ANSYS FLUENT.

3.2. Geometry generation

The geometry used in the numerical analysis is divided into
three components: the distributor, the runner, and the draft tube.
The distributor consists of a spiral casing and guide vanes.

In-house MATLAB codes are used to generate dimensions of
cross-sections of spiral casing at different wrap angles, based on
empirical and theoretical formulations. These sections are then
used to construct a detailed 3D model in SolidWorks 2023 and
SpaceClaim. In case of guide vanes, NACA 0012 series airfoil is cho-
sen for a cross-section. A total of 12 vanes are arranged in a circular
pattern in the calculated position, i.e, guide vane location. Their
3D geometry is also developed in SolidWorks 2023. The runner ge-
ometry is generated using the Bladegen and Blade modeler mod-
ule in ANSYS, incorporating 13 blades as per design specifications.
Finally, the draft tube is also developed in SolidWorks using the
previously defined Bend-Spacer-Diffuser configuration.

After the generation of solid models, the fluid domain is ex-
tracted for each component separately using the volume extrac-
tion feature in SpaceClaim. These extracted volumes are then as-
sembled to generate a complete domain for performing CFD simu-
lation.
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Figure 9: Meshes used in the study.

3.3. Mesh generation

Meshing is a crucial step in numerical analysis as the structure,
quality, and types of mesh have a significant impact on the overall
accuracy, computation efficiency, and convergence of the simula-
tion. Hexahedral, tetrahedral, and hybrid meshes are commonly
used for CFD analysis. While tetrahedral meshes are easier and
faster to generate, hexahedral meshes, being structured, offer su-
perior accuracy, better computational performance, and more ef-
ficient memory allocation. In order to make the study and mod-
eling simple and easy, tetrahedral mesh is generated as shown in
Fig. 9 and Fig. 10. For the generation, the default mesh genera-
tion tool in ANSYS FLUENT is used with a global element size of
30 mm. The mesh size and number are decided via mesh indepen-
dence test. This configuration resulted, a total of 5288519 elements
and 973216 nodes. Table 2 summarizes some of the characteristics
of the generated mesh.

0.00 500.00
25000 750.00

1000.00 {mm})

Figure 10: Mesh of draft tube.

Table 2: Mesh specifications.

Parameters Minimum Average Maximum
Skewness 1.52%1074 023357  0.97991
Orthogonal Quality 2.01%1072  0.76545 0.99783
0.99783 2.9%1072 0.83405 0.99991
Aspect Ratio 1.8532 64.459 1.07

3.4. Turbulence model

The k — w SST model is chosen as a turbulence model for the
simulation. The k — w SST model blends the perks of both the
k — e model and the & — w model, which helps in capturing the

wall-bounded and free shear flows. Since most complex turbulence
flows include both types of regions, wall-bounded and free shear
flows, it is a minimum requirement for a good turbulence model to
incorporate both of its use in complex flows. Furthermore, it pro-
vides a better prediction of flow separation than most RANS models
and accounts for its good behavior in adverse pressure gradients.

3.5. Mesh connections and boundary conditions

A steady-state condition with no-slip viscous boundary condi-
tions is applied at the wall to simulate CFD analysis. The spiral
casing, guide vanes, and draft tube are regarded as the station-
ary domains, whereas a rotational speed of 1500 rpm is assigned
to the runner using the Multiple Reference Frame (MRF) method.
For boundary conditions, a mass flow inlet of 120 kg/s and a static
pressure outlet of 1 atm are used. This turbine setup resulted in
an approximate differential head of 17.38m across the turbine. For
the modification of the differential head, the guide vane opening
angle can be adjusted as mentioned in Kristine Gjoseter’s Master’s
thesis [8].

4. Result and discussion

A three-dimensional representation of the complete Francis tur-
bine assembly, including the spiral casing, guide vanes, runner,
and draft tube, is shown in the Fig. 11. The illustration highlights
the geometric integration and alignment of individual components
within the turbine system. The detailed dimension specifications
of each component are summarized in the Table 3.

Figure 11: Flow domain of Francis turbine components.

4.1. Distributor

The radial and tangential velocity components at the distributor
outlet exhibit a periodic nature, closely aligning with the theoret-
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Figure 12: Velocity distributions at the guide vane outlet.

Table 3: Component specifications and dimensions.

SN. Specifications Dimensions
1 Spiral Casing
a. Inlet diameter 216.39 mm
b. Outlet diameter 273 mm
2 Guide vanes
a. Height 54.12 mm
b. Length 67.98 mm
c. Spacing 60.46 mm
d. Number of blades 12
3 Runner
a. Inlet diameter 205 mm

b. Number of blades 13
4 Draft Tube

a. Inlet diameter 194.36 mm
b. Height 1.2 mm
c. Outlet diameter 309.6 mm

ical calculation. The fluctuation in the velocity components along
the guide vane outlet is due to the position of the guide vanes and
runner blades. A portion of the flow exiting the guide vane directly
impinges on the runner blades, which leads to a reduction in both
tangential and radial velocity components at the guide vane out-
let. Furthermore, the plots in Fig. 12 illustrate that the theoretical
(analytical) calculations lie within the periodic values.

The pressure contour plot shown in Fig. 13(a) illustrates a uni-
form pressure distribution, with a gradual decrease in pressure
from the spiral casing walls toward its outlet. In contrast, the veloc-
ity contour plot shown in Fig. 13(b) illustrates a gradual increase
in the flow velocity from the walls to the outlet.

Despite the appealing pressure and velocity contour plots, the
entire distributor domain accounts for a head loss of 0.46 m.

4.2. Runner

The design head of the runner is specified as 15 m, and the flow
rate is 120 kg/s. However, the CFD simulation of the turbine setup
was performed at a net head of 17.38 meters, with the head avail-
able to the runner being 15.38 m. Since head and flow rate are inter-
dependent properties, maintaining a constant flow rate can poten-
tially disrupt the other. Kristine Gjgseter, in their Master’s thesis
[8] provided a way to change the differential head by changing the
guide vane opening angle, which helps in maintaining both head
and flow rate. Although it is theoretically possible to carry out a
simulation with a 15 m head and a 120 kg/s flow rate. This would
require a significant change in the turbine domain. Therefore, the
simulation was conducted under off-design conditions.

Despite operating in an off-design condition, the runner pro-
duces a torque of 108.93 Nm while operating at 1500 rpm, result-
ing in a power output of 17.11 KW with a turbine efficiency of 92%,
which is within the range [16], and an overall efficiency of 83.59%.

Table 4: Runner parameters when operated at 17.38 m overall head.

Parameters  Preliminary design
Torque 108.93 Nm
Shaft power 17.11 kW

4.3, Draft tube

The draft tube exhibits complex flow dynamics. Fig. 14 illus-
trates the velocity vectors on the mid-plane of the draft tube. The
flow progresses smoothly from the inlet to the outlet of the draft
tube, without any flow separation. A steady reduction in velocity
from the inlet to the outlet indicates effective pressure recovery.
The performance of the draft tube is evaluated through the pres-
sure recovery factor and an energy loss coefficient. CFD simulation
reveals a pressure recovery factor of 0.711068 and an energy loss
coefficient to be 1.33856, corresponding to a head loss of 1.26 m.

5. Conclusion
This study presented the design and numerical analysis of Fran-

cis turbine components suitable for the low-head micro-hydro ap-
plication. The runner was designed based on the Bovet Method,

400
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Figure 13: Contours at the mid plane of the spiral casing.
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Figure 14: Velocity contour and velocity vector in draft tube.

and other components were generated with reference to the run-
ner. For the design of the spiral casing, design guidelines pre-
sented in UNIDO were taken as a reference; guide vanes were mod-
eled with NACA 0012 airfoil profiles, and a Bend-Spacer-Diffuser
arrangement was considered for the draft tube. CFD simulation
carried out in ANSYS FLUENT provided detailed insights into the
hydraulic performance of each component and also of the whole
turbine assembly.

The distributor exhibits a uniform velocity and pressure distri-
bution with a head loss of 0.46 m. The runner produces a power
output of 17.11 KW with a hydraulic efficiency of 92% despite its
operation in off-design conditions. The draft tube also provided
a satisfactory performance, showing no flow separations and ade-
quate energy recovery. However, it suffers a major amount of head
loss, which is 1.26 m. This loss can be mitigated to some extent by
optimizing area ratio and divergence geometry. With an overall
efficiency of 83.59%, the turbine demonstrates the possibility of a
simplified design to provide a reliable, cost-effective, and manufac-
turable solution suitable for micro-hydro applications.

The efficiency can be further improved through simple modifi-
cations in the draft tube, such as adjusting the bend radius and op-
timizing the area ratios of the spacer, bend, and diffuser. Further-
more, the incorporation of improved NACA airfoils is expected to
increase the efficiency up to 87% under the same off-design condi-
tions. However, this study does not incorporate the Hill Chart, nor
is it carried out at the Best Efficiency Point (BEP). Addressing these

aspects in future work would provide deeper insights into the fea-
sibility of this study.
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