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Abstract : The effects of varying the inlet flow angle on the output power of a Francis
hydraulic turbine were studied numerically and the result was compared to the
experimental results conducted at Korea Institute of Energy Research to determine the
brake power of the turbine for each set of operating conditions. The loss of mechanical
power of the model turbine was determined by comparing the numerical and experimental
results, and thus the turbine efficiency or energy conversion efficiency of the model
turbine could be estimated. From the result, it was found that the maximum brake
efficiency of the turbine is approximately 46% at an induced angle of 35 degrees. The
maximum indicated mechanical efficiency of the turbine is approximately 93% at an
induced angle of 25~30 degrees.
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1. Introduction very useful tool for obtaining detailed
Francis hydraulic turbine is classified information about flow characteristics,
as an impulse-type turbine because it  Wwhich makes it possible to develop an optimum
uses the static pressure and kinetic design algorithm for hydraulic turbines.
energy of flowing water to generate power. When the mass flow-rate of water at
Impulse-type turbines are useful in the inlet of the turbine changes. the
situations in which the hydraulic head is induced angle should be adjusted so as to
low but the mass flow-rate is high(1). maintain a smooth flow of water in the
This study is a preliminary step in the flow path, otherwise turbulent flow is
development of a design algorithm for generated in the blade-to-blade path of
Francis hydraulic turbines. In order to the turbine and the flow separation arises
optimize the design of the turbine, a on the vane surface. These complicated
detailed understanding of the flow flow phenomena convert useful energy to
phenomena of a blade-to-blade path and entropy in the flow field. Therefore a
in the volute of the turbine is very Vvariable inlet guide vane system is used
important. An experimental approach to to adjust the flow induced angle according
these phenomena can only return very to changes in the mass flow rate in the
limited information about the control turbine system. In this study. numerical
volume. Thus, numerical simulation is a simulations were conducted to determine
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the effects of varying the induced angle on
the output power performance of a model
Francis hydraulic turbine. These results
were compared with experimental results
the
Energy Research

Korean Institute of
(KIER) (2]
estimate the energy conversion efficiency,
the the

mechanical model

obtained at
in order to

efficiency, and
of the
turbine designed at KIER. The optimum

mechanical

loss power

operating condition for the designed model
turbine was also estimated.

2. Flow field characteristics and geometry

of the model turbine

Francis turbine system comprises two
the
and the rotor with volute. The inlet guide

main components: inlet guide vane
vane directs the inlet water into the rotor
at a velocity with a tangential component.
The water inlet angle is varied by the
guide vanes and should be adjusted to the
operating conditions, i.e., the flow rate
and head characteristics, to produce the
optimum performance of the hydraulic
turbine. As water flows into the turbine
rotor in the radial direction, the flow soon
changes its direction to axial and exits
into a diffuser, which acts to convert the
kinetic energy of the water into a useable
form.

inlet
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Figure 1: Schematic diagrams of a turbine with
guide vanes and flow separation on the surface side
of a runner vane

In this process, if the water does not
smoothly drain into the diffuser because
the flow in the flow path of the impeller is
unstable, such as due to flow separation
on the vane surface and casing wall (see
Figure 1), the efficiency of the turbine is
degraded and the life cycle of the system
might be reduced by mechanical stress on
the impeller. Figure 2 shows the physical
of the model
turbine that were used in this numerical

and numerical domains

and experimental study.

(physical domain)

(numerical domain)

Figure 2: Physical and numerical domains of the
model Francis hydraulic turbine

3. Numerical

Conditions
In this study, the numerical simulation

Methods and Boundary

of the three-dimensional flow field was
conducted using a FVM code named
PHOENICS 3.1)(3]. The

volume of the model turbine is reasonably

(ver. control
defined as;

- Quasi-3D flow
- Incompressible flow - Steady state flow

- Turbulent flow

3-dimensional Navier-Stokes equations(4]
solved with the (k-e)
turbulence model(5). was

were standard
The process
assumed to be steady state and adiabatic,

and thus the energy equation was not
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required in these numerical calculations.
The turbulent no-slip condition near the
solid boundary was modelled with the
logarithmic law. Fully implicit backward
and the
advection terms were hybrid differenced.

time differencing was used
Conjugate gradient techniques for pressure
in the transport equations
and the ’'SIMPLE’

algorithm(5]) was employed for the velocity

corrections
were incorporated

and pressure coupling.

3.1 Governing Equations

The basic equations describing the fluid
dynamics in the control volume are based
on the Navier-Stokes equations, which are
comprised of equations for the conservation

of mass and momentum.

1) Continuity equation

oU;,  oU, ol
Ly 14 Fop (1)

ou, Yy, 9z;

2) Momentum equation
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3) Turbulent kinetic equation

?‘ (Uk)= i [(wv—t) ok }Jrc—s (3)

[eg3 T;

i K

4) Energy dissipation equation
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3.2 The boundary and initial conditions

In this numerical study, Body Fitted
(BFC)
was used in conjunction with

Coordinates grid  generation
method(6)
non-orthogonal grids allowing irregular
geometries to generate the numerical grid
of the model turbine and the optimized
grid size of the 3-D model was decided to
52x64x12 through the grid test. Figure 3
shows a perspective view of the
three-dimensional numerical domain for
the blade-to-blade path of the rotor that

was used in this numerical study.
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Figure 3: Perspective view of the 3-D numerical
domain for the blade-to-blade path of the rotor (52x64x12)

The boundary and initial conditions of

the calculations were as follows:

(1) Inlet : velocity boundary condition

(2) Outlet : Pressure boundary condition
with an assumption of fully
developed flow field

(3) No-Slip boundary condition on surface
of the model impeller

(4) Symmetric boundary conditions on

the surface of the control volume
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3.3 Major Parameters and Their Ranges

In general the output power of the
hydraulic turbine is controlled by the
mass flow-rate of water and its head in a
volute. The induced angle at the inlet of
the turbine is a critical design parameter
In this study, the

induced angle was controlled in six steps

of turbine systems.

with inlet guide vanes from fully closed
position to a position opened up partly to
an angle of 45 degrees to determine the
effects on the power performance of the

turbine system.

Guide Vanes
Flow Path

—— Turbine
\%  (Runner)

Figure 4: Top view of the model turbine and its
induced angle

Figure 4 shows a top view of the model
turbine assembly. If the induced angle of
the guide vanes is low, the mass flow-rate
is reduced because the inlet area is
reduced and the rotational speed of the
turbine is also affected.

Table 1

experimental results such as the variation

shows the variation of the

of the mass flow-rate and the rotational
with the
angle. These results were incorporated as
in the

speed of the turbine, induced

boundary conditions numerical

study.

Table 1: Variations of the experimental results
with induced angle

Model | e Speaa Head | Ve | Torave

(degree)| (rpm) (m'/s)

Model-25 | 11.3 617.5 6.5 |0.052 | 13.58
Model-40 | 18.0 637.0 6.5 |0.065 | 22.85
Model-55 | 24.8 655.0 5.5 10.089 | 30.46
Model-70 | 31.5 669.9 5.0 |0.107 | 34.15
Model-85 | 40.5 706.3 5.0 |0.126 | 38.91
Model-100| 45.0 716.1 5.0 |0.140 | 38.89

4. Performance analysis of the model
turbine
The indicated power generated by the
model turbine can be estimated from the
of the The

pressure distribution on the surface of the

results simulation. static
model impeller is the energy source for
the torque generated on the turbine shaft.

The static pressure force can be calculated

from the equations given below. (7]

@ Hydrostatic pressure force on the

impeller vane

= Hrg)id (5)

© Indicated torque (t1;) generated on the
turbine shaft

T :AFXZW (6)

Where AF= F;)rcssur'u " Ysuction

@ Indicated power (P) produced on the
model turbine

Pi:TiXuJ (7)

where o is the rotational speed of the
turbine.
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@ Turbine efficiency

PI)

i

n = n, = —2x100(%) (8)

W= P < 100(%) , W= P

in in

where n, is the turbine indicated efficiency.

n, is the turbine brake efficiency

® Mechanical efficiency of the model

turbine
P
n, = ?jx 100(%) (9)
where P, is the experimental brake
power

Mechanical power loss of the model
turbine

(10)

5. Results and Discussion

The indicated power of the model Francis
turbine was estimated numerically and
compared to the brake power acquisitioned
from the experiment by KIER to have an
understanding of the general performance
of the model Francis hydraulic turbine
such as the indicated and brake efficiency,
and the

mechanical power loss of the designed

the mechanical efficiency

model turbine. The mechanical efficiency
of the
comparing the input power to the brake

turbine was calculated by

and indicated output power of the turbine.
The efficiency of the turbine is very

important performance parameter for

estimating the energy conversion efficiency
of the designed system. The mechanical
of the model turbine was

power loss

determined by comparing to the indicated
power to the experimental brake power.

Model-25 (11.3%)

Figure 5: Velocity and pressure distributions at the

entrance of the impeller; induced angle = 11.3
degree
Figure 5 shows the velocity and

pressure distributions at the entrance of
of the
induced angle of the guide vane. In the

the impeller at 11.3 degrees
case of the velocity distribution, water
at the of the
entrance because the flow direction of the

accelerates lower side
fluid turns downwards abruptly by 90
This

phenomenon could be a critical reason of

degrees at the entrance. flow
the cavitation in the flow path of the
turbine impeller. The static pressure on
the lower left comer of the entrance is the
in the area and as the value
to below the

definitely forms air-bubbles in the region.

lowest

reaches vapor pressure

The static pressure on the pressure side
of the vane is much higher than on the
The

between two sides of the vane

suction side. difference
is the

energy source of the torque rotating the

pressure

turbine impeller.

Figure 6 shows the static pressure
distributions on the pressure and suction
sides of the vane. The pressure on the
pressure side of the vane is higher than

on the suction side. This information is
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very important for the estimation of the
indicated power of the designed impeller.

Model-70 (31.5°)

(suction side) (pressure-side)

Figure 6: Distributions of the hydrostatic pressure on
the pressure and suction surfaces of a vane of the
model turbine at an induced angle of 31.5 degree

Figure 7 shows the variations of the

power input and output of the model
turbine. The rotational speed of the
turbine is directly related to the mass

and the
induced angle. As shown in the figure, all

flow-rate of the inlet water

the powers are continuously increasing

along with the impeller speed and the

induced angle. In  particular, the
difference between the output brake and
indicated powers is minimized in the

middle speed range, which means that the
mechanical energy loss of the impeller is
minimized in this range.
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Figure 7: Variations of the power input and output
with the rotational speed and induced angle

in the
mechanical efficiency of the turbine with

Figure 8 shows the variation

the
figure,

induced angle. As shown in this
the mechanical efficiency of the
turbine is maximized in the middle range
of the

known that the mechanical efficiency of

induced angle. In general, it is
Francis hydraulic turbine is approximately
85~90%. It is estimated that the optimum
conditions

of operation of this model

turbine arise for an induced angle of
25~30 degrees, resulting in an optimum
efficiency of approx. 93%. The mean value

of the mechanical efficiency of this turbine

model is approx. 79% at the rated
operating conditions
120
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Figure 8: Variation of the mechanical efficiency of
the model turbine with the induced angle

The brake and indicated efficiencies of
the model turbine are shown in Figure 9.
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Figure 9: Variations of the brake and
efficiencies with the induced angle

indicated
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Figure 10: Variations of the mechanical power

loss(A) and its loss rate with induced angle(B)

The indicated efficiency is minimized in
the middle range of the induced angle:
however, the opposite trend is found for
the brake The
efficiency is strongly affected by the flow
in the of the

which means that the flow is

efficiency. indicated

phenomena flow path
turbine,
quite stable at lower and higher indicated
angles. The brake efficiency is related to
the mechanical loss of the turbine. As
shown in Figure 9, mechanical loss is
minimized in the middle range of the
induced angle.

Figure 10 shows the variation of the
mechanical power loss and its rate of the
model turbine with the induced angle. The

power loss is minimized in the middle

range of the induced angle, which means
that the optimum operating range of the
model turbine arises for an induced angle
of 25~3bdegrees. The lowest loss rate of
the turbine is approximately 2.9% in this
rated range.

6. Conclusion
In this study,
were conducted to determine the effects of

numerical simulations
varying the induced angle on the output
power performance of a model Francis
hydraulic turbine designed at KIER and
with
experimental results in order to estimate

the results were compared

the energy conversion efficiency, the
mechanical efficiency, and the mechanical
The

conditions for the

power loss of the model turbine.

optimum operating

designed model turbine were also
estimated.
From the study, it was found that

induced angle at the inlet of a Francis
hydraulic turbine controlled by an inlet
guide vane system significantly affects the
output power generated by the hydraulic
turbine; that is: the induced angle is a
very important parameter for the design
of hydraulic turbines.

In the of this
hydraulic turbine, the induced angle
should be adjusted to 25 to 30 degrees at
a given hydraulic head (5.5~6.5m), mass
flow-rate (0.065~0.089m?/s)and rotational
(655~670rpm)  to

optimum performance.

case model Francis

speed obtain its
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