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Abstract: Hydropower is the largest source of renewable energy and it is the most efficient way to
generate electricity. However, this huge potential is partially exploited (only 18% in the world and 44%
in Romania). Additionally, more than 70% from actual hydropower plants from Romanian require to be
refurbished. Therefore, the numerical investigations into an old Francis turbine runner with medium
specific speed at off-design conditions are performed. The interblade vortices at off-design conditions
were indentified using CFD. As a result, the flow is strongly disturbed inducing hydrodynamics and
mechanical problems. Conclusively, the runner is sensitive at off-design conditions due to the geometry of
the blade. A new runner with improved hydrodynamic performances can be designed using novel
philosophies and new tools in conjunction with data available about operating conditions. Key words:
Computational Fluid Dynamics (CFD), Francis turbine, interblade vortex, off-design conditions.

1. OMECLATURE
Q [m3/s]
H [m]
E [J/kg]
n [rpm]
a0 [m]
cp [-]
V,W [m/s]
β [º]
ω [rad/s]
ψ [-]
φ [-]
λ [-]
ν [-]

discharge
head
specific energy
speed
guide vane opening
pressure coefficient
absolute and relative velocities
relative flow angle
angular velocity
energy coefficient
discharge coefficient
hydraulic power coefficient
dimensionless specific speed

2. ITRODUCTIO
Renewable energy is energy generated from
natural resources - such as sunlight, wind, rain,
tides and geothermal heat - which are
renewable (naturally replenished). Renewable
energy technologies include solar power, wind
power, hydropower, biomass and biofuel.
Hydropower is the largest source of
renewable energy and it is the most efficient
way to generate electricity. Hydropower is still
the only means of storing large quantities of

electrical energy for almost instant use. This is
done by holding water in a large tank behind a
dam with a hydroelectric power plant below. In
addition to producing electricity, dams provide
for flood control, water supply, irrigation,
transportation, recreation, or wildlife habitat
and refuges.
The weight of the hydro component
represents 20% of the world energy, i.e. 16%
from the European budget (Switzerland 61%,
Sweden 50% [15], and Romania 26% [10]
hydro component, and it is a key component in
the management of the energy. Although
important steps have been taken worldwide, the
hydro energetic potential has 18% degree of
use, and thus a huge reserve of hydraulic
energy waiting to be exploit (in Romania this
potential is exploited in limits of 44% [10]).
The hydropower energy is generated in
hydroelectric power plants. The hydraulic
structures of the power plant include a dam,
tunnel, surge tank, penstock and hydraulic
turbine. The hydraulic turbine selection is based
mostly on the available water head and the
discharge. The Francis turbines are the most
common water turbine in use today.
It is important to mention that the majority
of the hydropower plants were designed many

years ago, among which 38% are more than 25
years old, 48% were built 15 to 25 years ago
and the remaining 14% were put into operation
in the last decade [10], and consequently a
national strategy of rehabilitation and
refurbishing of the hydropower potential comes
as a must. Consequently, the Romanian
national company S.C. Hidroelectrica S.A.,
which operate all large hydropower plants in
Romania, is currently developing an important
refurbishing program. The rehabilitation and
refurbishment of the hydropower potential is
the utmost economic importance for the
national and European energy market.
However, the variable demand on the energy
market, as well as the limited energy storage
capabilities, requires a great flexibility in
operating hydraulic turbines. As a result,
turbines tend to be operated over an extended
range of regimes quite far from the best
efficiency point (BEP). In particular Francis
turbines, which have a fixed-pitch runner, have
a high level of residual swirl at the draft tube
inlet as a result of the mismatch between the
swirl generated by the wicket gates (guide
vanes) and the angular momentum extracted by
the turbine runner. In the turbine draft tube the
flow exiting the runner is decelerated, thereby
converting the excess of the kinetic energy into
static pressure. The decelerated swirling flow
often results in vortex breakdown above a
certain level of the swirl number. This vortex
breakdown is now recognized as the main cause
of the severe pressure fluctuations experienced
by hydraulic turbines operating at part load.
The pressure fluctuations are caused by the
transformation of an axis-symmetrically
swirling flow into one or more precessing
helical vortices as the operating condition shifts
towards part load. The precessing motion of the
helical vortex results in a fluctuating pressure
on any stationary point of the draft tube cone.
The turbomachinery flow is essentially
unsteady due to the rotor-stator interaction. On
the other hand, rigorously speaking, the
geometrical periodicity of the stator/rotor blade
rows cannot be used since there are differences
in flow from one interblade channel to another.
However, with carefully chosen and
experimentally validated assumptions, one can
devise a methodology for computing the

turbine flow, such that very good and
engineering useful results are obtained [5, 6,
13, 19]. It is well known that the 3D effects are
very important for the flow in the radial-axial
machines, to which are added the viscous
effects at operation regimes far away from
BEP, [14, 17].
Developments in computer software and
hardware made possible the computation of
three-dimensional flows in turbomachines, [5,
6]. However, computing the real flow
(turbulent and unsteady) through the whole
hydraulic turbine requires large computer
memory and CPU time even for the present day
computers. As a result, a simplified simulation
technique must be employed to obtain useful
results for turbine analysis, using currently
available computing resources.
Nowadays, the replacement of experimental
investigations by CFD in the process of design/
optimization/ rehabilitation/ refurbishment of
hydraulic turbine is presented in the world
trend, in order to mitigate the high costs
necessary for the experimental investigations
through the extensive use of the numerical
analysis. For instance, an increase in efficiency
and net output power can be obtained by
redesigning the rotor, which leads to an
excellent cost/investment. These issues involve
a careful analysis of the entire actual hydraulic
passage and according to the technical
conditions and economic possibilities one may
involve the reshaping of the upstream
components (stay vanes or guide vanes).
The paper presents our ongoing efforts in
order to analyze the hydrodynamics of old
Francis turbine installed in Romania. The
numerical results were computed on the Francis
turbine prototype with the methodology
developed and validated with experimental data
on Francis turbine model, [6, 11, 13]. First, the
Francis turbine test case is presented. Second,
3D computational domains are reconstructed
and its meshes are generated. Third, the
numerical investigations are performed in order
to compute the coupled distributor-runner
hydrodynamic field at best efficiency point
(BEP) and off-design conditions. Consequently,
the hydrodynamic field is investigated in order
to improve the performances. The conclusions
and perspectives are summarized in last section.

3. FRACIS TURBIE TEST CASE
The test case corresponds to a medium
specific
speed
Francis
turbine
with
dimensionless specific speed ν = 0.371 . The
distributor consists of 12 stay vanes and 16
guide vanes whilst the runner has 15 blades
with the reference radius R2e = 0.925 m. Figure
1 shows the Francis turbine cross view with
parameters from Table 1.
The three-dimensional geometries of spiral
casing, distributor, runner and draft tube were
reconstructed based on the drawings of the
hydraulic passages of the Francis turbine. For
instance, Figure 2 shows the three-dimensional
geometry reconstructed of the Francis runner
blade while the three-dimensional geometry of
the runner is presented in Figure 3.

Fig. 2. Reconstruction of the Francis runner blade
geometry.

Fig. 3. 3D view of the Francis turbine runner.

4. 3D COMPUTATIOAL DOMAIS AD
ITS MESH GEERATIO

Fig. 1. Francis turbine cross section. The computational
domains are marked with grey.
Table 1
Francis turbine parameters.
Parameters
Eqs. according to IEC [7]
ns
nP 0.5
ns =

φ
ψ
λ
ν

0.174

3
πωR2e

1.171

2E

ψ=
λ=

H 1.25

Q

ϕ=

Value
180

2

(ωR2e )
2 EQ

0.22

πω3 R25e

ν=

ϕ 0.5
ψ 0.75

0.371

The distributor computational domain
corresponds to three stay vanes and four guide
vanes, bounded upstream by a cylindrical patch
displaced in the middle section of the spiral
case and downstream by a conical patch, Figure
4. The distributor inlet section corresponds to
the spiral casing middle section, while the
outlet section is conventionally considered to
be the distributor-runner interface.
The
runner
computational
domain
corresponds to an inter-blade channel bounded
upstream by a conical patch (wrapped on the
same conical surface as the distributor outlet)
and extended downstream up to elbow inlet of
the draft tube, Figure 5.

Fig. 4. Three-dimensional computational domain for the
Francis turbine distributor.

Fig. 7. Mesh generated on the runner with 244592 cells.

4.
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Fig. 5. Three-dimensional computational domain for the
Francis turbine runner.

The computational domains are discretized with
mixed mesh using Gambit [9] (see Figures 6
and 7).

Fig. 6. Mesh generated on the distributor with 883560
cells.
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In this paper, the mixing interface technique
is used for coupling the distributor and runner
velocity and pressure fields as well as the
turbulence quantities. This approach performs a
circumferential averaging of the velocity
components and pressure while the turbulence
quantities (turbulence intensity and turbulence
length scale) on the distributor outlet are
averaged on the whole section. Since this
approach performs a circumferential averaging,
it is equivalent to the full mixing of the wakes
(or any other circumferential non-uniformities)
The method is designed to solve only for
steady flows (absolute or relative), and
therefore the partial time derivatives vanish.
The absolute flow equations are the natural
choice for the distributor, and for the runner it
is convenient to use absolute velocity
conditions at the runner inlet section. The
iterative process employed for achieving
continuity for both absolute velocity and
pressure across the distributor-runner interface
was presented in [11]. Moreover, the numerical
results computed with this technique were
validated [6, 11] against experimental data
measured on the Francis turbine model [5]. In
order to compute the velocity and pressure
fields a segregated solver is used within the
FLUENT code, [8].

The boundary conditions are imposed for
each operating point according to Table 2.
More details about equations, boundary
conditions and mixing interface algorithm are
presented by Muntean et al. [11].
Table 2
The parameters of operating points investigated.
Qr [%]
φ [-]
ψ [-]
λ [-]
γ [°]
69
0.102
0.114
18.7
79
0.117
0.131
20.4
93
0.136
0.153
23
1.12
100 (BEP)
0.147
0.165
24.7
105
0.155
0.173
25.7

where relative discharge is computed with
equation (1):

Q r [%] =

(ϕ ) x
100 .
(ϕ ) BEP

(1)

6. UMERICAL RESULTS AT BEST
EFFICIET POIT (BEP)
The Francis turbines are equipped with three
radial rows: stay vanes, guide vanes and runner,
see Figure 8.

The Francis turbine guide vanes are only one
designed to adjust the discharge. The guide
vanes position at BEP is designed to ensure the
stagnation point of the flow on the leading edge
of runner blades. According to the classical
design phylosophy, Francis turbine operation at
BEP implies an axial absolute flow at the
runner outlet [1 - 4]. That means, the absolute
flow is designed whithout any tangential
component at the inlet of the draft tube cone at
BEP, Figure 8.
The pressure coefficient is defined according
to IEC [7],
p − pref
cp =
,
(2)
ρE
where the reference pressure corresponds to a
point on the draft tube cone wall and ρ density
of water (ρ = 1000 kg/m3).
Figure 9 presents the pressure coefficient
distribution on the distribuitor (stay vanes and
guide vanes) of the Francis turbine. In this case,
the stagnation line (red colour) of the flow on
the stay vanes is near to the leading edge while
on the guide vanes is along to the leading edge.
The pressure distribution on the guide vanes
is not uniform along to vane height due to the
three-dimensional flow. That means, the flow is
perturbated to the runner inlet due to the guide
vanes. Consequently, a three-dimensional shape
of the guide vanes is required in order to
mitigate the flow pertubation to the runner
inlet. However, the guide vanes are especially
manufactured with straight leading edge and
straight trailing edge in order to ensure water
leakproof at closed position.

Fig. 9. The pressure coefficient distribution on Francis
turbine distributor at BEP.
Fig. 8. Francis turbine operating at BEP.

The pressure coefficient distribution on the
Francis runner blade at best efficiency point
(BEP) are shown on pressure side in Figure 10
and on suction side Figure 11, respectively.

Fig. 12. Visualization the pathlines starting near to the
runner crown operating at BEP.
Fig. 10. The pressure coefficient distribution on Francis
turbine runner (pressure side) at BEP.

Fig. 13. Stagnation points on the hydrofoil cascade near
to the runner crown and the stagnation region at BEP.

Fig. 11. The pressure coefficient distribution on Francis
turbine runner (suction side) at BEP.

The minimum pressure coefficient (blue
spot) on the suction side indicates the
maximum cavitation risk. It is well known that
the runner blade region near to the band is
sensitive to cavitation [12]. One can see the
pressure distribution on runner blade is not
uniform from band to crown. As a result, the
three-dimensional flow on the blade is
generated at best efficiency point. Moreover,
visualization of the pathlines near to the runner
crown show a small recirculation region, Figure
12.

The small recirculation region (marked with
grey in Figure 11) appears on suction side of
the runner blade due to the shape of hydrofoil
near to the crown even if the stagnation point is
near to the leading edge. The recirculation
region is delimited by detachment and
reattachment points, [20].

7. UMERICAL RESULTS AT OFFDESIG OPERATIG CODITIOS
The four operating points was selected in
order to evaluate the behavior of the runner at
off-design conditions. The operating points
investigated in this paper are displaced at
constant head (ψ=1.12) and variable discharge
(see Table 3).

Fig. 14. Pressure coefficient distribution on the runner blade for five operating points displaced at constant head (from
69% to 105% relative discharge).

As a result, three operating points correspond to
the part load operation (displaced at 69%, 79%
and 93% discharge from BEP) while the last
operating point is situated at full load (105%).
The pressure coefficient distribution on the
pressure and suction sides of the runner blade at
all operating points investigated are presented
in Figure 14.

The guide vane opening at full load is larger
than the opening at BEP. In this case, the
stagnation point is moved on the suction side of
the runner blade, Figure 15. As a result, the
detachment point is near to the leading edge
generating an interblade vortex on the pressure
side, Figure 16.

Fig. 15. Stagnation points on the hydrofoil cascade near
to the runner crown and the interblade vortex generated.

The interblade vortex is developed near to the
leading edge on the pressure side of the runner
blade then it is carried along to the band in the
draft tube cone.

Fig. 17. 3D visualization of the interblade vortex on the
suction side of the runner blades at partial load (69%).

One can conclude the investigated Francis
runner is sensitive to off-design conditions due
to the geometry of the blade. A new runner
with improved hydrodynamic performances can
be designed using novel philosophies and new
tools in conjunction with the data available
about operating conditions during the years.
The interblade vortices were observed
during the experimental investigations at low
discharge values performed on Francis turbine
model by Avellan [12], see Figure 18.

Fig. 16. 3D visualization of the interblade vortex on the
pressure side of the runner blades at full load (105%).

The guide vane opening at part load is
smaller than the opening at BEP. As a result,
the stagnation point is displaced on the pressure
side. The stagnation point is moving away from
leading edge as long as the discharge decreases.
Consequently, the interblade vortex is
developed on the suction side of the runner
blade along to the leading edge, Figure 17. The
interblade vortex is carried along to the band in
the cone of draft tube. As a result, the flow is
strongly disturbed inducing hydrodynamic and
mechanical problems.

Fig. 18. Visualization of the interblade cavitation
vortices in a Francis runner model at partial load. [12]

7. COCLUSIO
The paper presents the numerical results
computed on old Francis turbine with medium
specific speed installed in Romania. The 3D
geometry of the hydraulic passage was
reconstructed. Next, the distributor and runner

computational domains are generated together
with its mesh. The hydrodynamic field was
computed at best efficiency point (BEP) and
off-design conditions using mixing algorithm.
First, the pressure coefficient distribution on the
runner blade is presented. Second, the
interblade vortices are revealed at off design
conditions. Conclusively, this Francis runner is
sensitive to off-design conditions due to the
geometry of the blade. The runner was
designed four decades ago using the classical
philosophy. A new runner with improved
hydrodynamic performances can be designed
using novel philosophies and new tools in
conjunction with the data available about
operating conditions during the years.
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Analiza numerica tridimensionala a curgerii in rotorul turbinei Francis de turatie specifica medie in afara punctului
optim de functionare
Energia hidraulica este cea mai mare sursa de energie regenerabila si cea mai eficienta cale de conversie in energie
electrica. Totusi, acest imens potential este numai partial exploatat (18% in intreaga lume si 44% in Romania). In plus,
mai mult de 70% din centralele hidroelectrice din Romanian necesita a fi retehnologizate. De aceea, lucrarea prezinta
investigatiile numerice efectuate pentru un vechi rotor de turbine Francis de turatie specifica medie la functionarea in
afara conditiilor de randament maxim. Pentru aceste conditii de functionare au fost identificate cu ajutorul CFD-ului
vartejurile interpaletare. In consecinta, curgerea este puternic perturbata inducand probleme hidrodinamice si
mecanice. S-a concluzionat ca rotorul este sensibil la functionarea in afara punctului de randament maxim. Un nou
rotor cu performante hidrodinamice imbunatatite poate fi proiect utilizand noi filozofii de proiectare precum si noi
instrumente impreuna cu datele disponibile din exploatare.
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