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Draft tube of Francis type hydraulic turbine usually consists of: cone, elbow and
diffuser. On the contrary, in some power stations an extra pipe should be added to
the draft tube at the bottom of cone because of installation limitation. In this paper,
this special case has been numerically studied. To this end CFD analysis was
applied to simulate all parts of hydraulic turbine. A homogeneous multiphase model
with Rayleigh-Plesset cavitation model was applied for presence of cavitation. The
results reveal that the additional tube causes pressure drop and severe cavitation at
the trailing edge of runner blades. Also, results showed that the efficiency reduces
in comparison with original hill-diagram of model test in which this extension was
not considered. With the removal of the extension tube, the efficiency increased
significantly. The comparison of pressure recovery factors along draft tube, and
theoretical investigation showed that the height of the draft tube is an important
parameter and addition of an extra pipe will cause reduction in draft tube
performance and increases the probability of occurrence of cavitation under the

runner.

1. Introduction

The use of hydropower for electricity production began in the
late eighteenth century. Small hydroelectric power plants are
accepted as a beneficial factor in renewable energy. In developed
countries, small hydropower plants are just a supplementary in the
production of clean renewable energy. But in developing
countries, can play an important role in supply of electricity.
Hydraulic turbine is the main part of hydro power stations.
Therefore, its optimal operation will have a desirable effect on
performance of hydropower plants. Mismatch between the
performance of hydroelectric power plants and the presented hill-
chart is one of the wide spread problems for some hydroelectric
power plants. One of the main reasons for these differences is the
change occurs in turbine configuration during installation.
Although, these changes apparently are small but their effect will
be considerable.

Numerical simulation of fluid flow is one of the best methods
for evaluating hydroelectric power plants performance. During
recent decades, with the expansion of computer power,
computational fluid dynamics (CFD), as one of the stages of
design process, reduced time and costs [1, 2].

Many tasks associated with the simulation of flow in hydraulic
turbine were performed in recent years for performance
predication, cavitation detection and also transient flow
simulation. Mohammadi et al. studied the effect of water, air and
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their combined injection from two different injection points to
reduce vorticity effects in a draft tube of prototype turbine
working using CFD [3]. Yang et al. carried out a numerical
simulation to Explore the swirling flow variations in the non-
cavitation flow and cavitation flow field to explain the mechanism
of the complex unsteady flow in the draft tube. They found that
there are mutual influences between the swirling flow and
cavitation [4, 5]. Tania et al. carried out CFD analyzes to obtain a
draft tube geometry that improves the hydrodynamic performance
of the GAMM Francis turbine. They found that the draft tube in
hyperbolic-logarithmic spiral format has the highest efficiency
and the draft tube in logarithmic spiral format has the lowest loss
coefficient [6]. Shojaeefard et al. discussed the shape optimization
of draft tubes utilized in Agnew type micro-hydro turbines, with
the aim of maximizing the pressure recovery factor and
minimizing the energy loss coefficient of flow [7]. Foroutan et al.
developed a new RANS turbulence model in order to predict the
mean flow field in a draft tube operating under partial load using
a 2-D axisymmetric model [8]. Nam et al. combined the
computation fluid dynamic (CFD) and the design of experiment
(DOE) to improve performance of the hydraulic turbine draft tube
in its design process [9]. Demirel et al. presented a design
optimization study of an elbow type draft tube based on the
combined use of Computational Fluid Dynamics (CFD), design of
experiments, surrogate models and multi-objective optimization.
It is determined that, pressure recovery factor can be increased by
4.3%, and head loss can be reduced by %20 compared to the initial
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CFD aided design [10]. The swirling flow at the outlet of a Francis
turbine runner has a major influence on the overall behavior of the
flow downstream in the draft tube. Based on this idea, Resiga et
al. carried out an experimental and theoretical investigation in
order to elucidate the causes of a sudden drop in the draft tube
pressure recovery coefficient at a discharge near the best
efficiency operating [11].

A draft tube of a Francis type hydraulic turbine usually consists
of: cone, elbow and diffuser. In some power stations, because of
installation limitation an extension (which is a cylindrical tube in
this case) should be added to the draft tube. In this case, the surplus
pipe located at the bottom of cone. It is well mentioning that the
model test of the power station has been performed without of this
extension and the extra pipe added later during prototype
installation because of some space restriction. The main objectives
of this paper are: (a) study the effect of this extension on turbine
performance using full CFD analysis of the hydraulic turbine, (b)
multiphase flow analysis of turbine to consider cavitation
conditions.

Table 1. Specifications of the turbine

Conditions Value
Runner diameter 2760 mm
Number of runner blades 17
Number of stay vanes 24
Number of guide vanes 26
Runner rotational speed 250 rpm

Draft tube style Elbow draft tube

2. Turbine components

Three-dimensional geometries of all components of Francis
turbine including spiral casing, stay vanes, guide vanes and draft
tube are generated using relevant technical documentations.
Parameters of the prototype turbine is shown in Table 1. The
general assembly of this turbine is shown in Fig. 1 and the cone
extension is specified.

Extra cylinder with
the length of 5 meter

Figure 1. 3D geometry of all components of Francis turbine.
3. Numerical scheme and model description

A 3D CFD code was applied as the solver. Reynolds-averaged
Navier-Stokes (RANS) equations are solved using Ansys-CFX.
The governing equations used are the continuity equation (eq. (1))
and the momentum equation (eg. (2)).
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The mixture density pm and the mixture dynamic viscosity
p are defined as;

Pn :pvav+pl(1_av) (3)

H= 1,0, + 1y (1*(2‘,) (4)
The liquid-vapor mass transfer due to cavitation governed by the
vapor volume fraction transport is expressed by the eq. (5) [12].
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For turbulence modeling, RNG k — € model has been applied
which is more responsive to streamline curvature and higher strain
rates than the standard one [8, 10, 13]. The governing equations
are discretized using the finite element finite volume method in
the code. The high resolution scheme was applied for
discretization of momentum equation, pressure, turbulent kinetic
energy, and turbulent dissipation rate [14].
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Figure 2. Efficiency versus number of cells

For grid generation of the models described above, tetrahedral
mesh is used near the walls and hexahedral mesh is generated in
regions with small pressure gradient. a size function has been
employed in order to lower the mesh number. Size function starts
from a small mesh size and increases with a growth rate. This
function is a desirable strategy to obtain refined mesh in regions
where large pressure gradients are expected such as boundary
layer. During mesh generation, orthogonal quality, skewness, and
aspect ratio are assured to be in desirable range. As shown in Fig.
2, for grid independency studies, three adapted grid sizes, were
assessed. Grid independence was established at around 7.6 x 10°
cells. The generated meshes are shown in Fig. 3.

All walls are defined as non-porous and with standard
roughness, the fluid selected was standard water liquid at 20 °C
and the gravity is included in the operating conditions. The
reference pressure was assumed to be zero and the vapor pressure
of the water was set to 2338 Pa. The fluid flow was assumed
steady state. Mass flow rate at spiral casing inlet and average static
pressure at draft tube outlet were assumed for the boundary
conditions. The information is tabulated in Table 2.
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Figure 3. Computational grid for parts of turbine.

Table 2. Information of CFD simulation

Features

Descriptions

Walls

Reference pressure
Vapor pressure
Analysis Type

Fluid type

Inlet boundary condition

Outlet boundary condition

No slip, with standard roughness
0 Pa
2338 Pa
Steady state, Two phase
Water (liquid and vapor)

Mass flow rate (inlet of spiral casing)

Average static pressure (outlet of draft tube)

The present research considers five operating points for each
opening of guide vanes. The simulations were performed from
spiral casing to the end of draft tube. The pressure at the outlet of
draft tube was calculated with eq. (6) for all operating points [3].

P
avg, out :5_‘_2 (6)

e 7

In this equation, Z is the distance between the center line of the
draft tube outlet and the tail-race. The Spiral case, stay vanes,
guide vanes and draft tube domains were stationary and the runner
domain was rotating at constant speed. The grids between impeller
and spiral case are connected by means of a frozen rotor interface.
Conservation of mass was checked on the interfaces between the
runner computational domain and computational domains
corresponding to the fixed parts. For numerical simulation, the
convergence criteria were set at maximum residuals of 10,

4. Results and discussion

The dimensionless parameters in hydraulic Turbines are
defined as follows:

p= NQW "
__gH (8)
¥~ (noy
p__P C))
PND®

The efficiency of Francis turbine is defined as:

_P (10)
n P

The results of CFD analysis of the main hydraulic turbine (with
an extension under the cone of draft tube) at full opening of wicket
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gate (wicket gate opening is measured relative to full closing state
and the maximum angle is about 27°) were compared with the data
of model testing (without any extension under the cone of draft
tube) in Fig. 4. As it can be seen, the power coefficient was in
good agreement with experimental data (the maximum error was
about 0.7%), while efficiency at the BEP is about 10% lower than
Model test results. It should be mentioned that the geometry of
runner was extracted from spare part and there is the possibility of
a slight difference between the main and spare runner.

Variations of efficiency and power coefficient versus flow
coefficient for different opening of guide vanes are shown in Fig.
5. As it can be seen the best efficiency occurs at 60% opening of
guide vanes.
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Figure 4. Variation of Power coefficient and efficiency versus volume
flow rate at 100% opening of GV

4.1. Presence of cavitation

Cavitation is a fundamental phenomenon that occurs in flowing
liquids. It may occur when the local static pressure in a fluid goes
below the vaporization pressure of the liquid at the actual
temperature. In the case of hydraulic-turbines it is, usually, an
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undesirable phenomenon because in most cases it implies negative
effects such as losses, efficiency reduction, noise, erosion and
vibration [15]. As this purpose, two-phase simulation was
performed for this case. A homogeneous multiphase model with
Rayleigh-Plesset cavitation model was applied for presence of
cavitation. The results showed that cavitation may occur in an
extensive area of runner particularly at the trailing edge. This is
clearly shown in Fig. 6 by using gas volume fraction contours.
Regarding different types of cavitation in Francis turbines, that is
of the type of traveling bubble at the trailing edge cavitation [16,
17]. It seems that the pressure reduction is very pronounced at the
runner outlet and it is reinforced by using an extra cylindrical tube
with the length of 5 meters under the cone of draft tube that is
indicated in Fig. 1. To have deep insight of this effect, the
extension was removed from draft tube and simulation was
repeated. The results for the both cases have been compared to
each other in Fig. 7. As can be seen in Fig. 6 and Fig. 7 use of this
extra cylindrical tube causes reduction of pressure under the
runner which results intense cavitation at the trailing edge. It
occurs in most of turbine operating conditions and eventually
leads to loss of efficiency. Results of numerical simulation for the
case without extension pipe showed that the efficiency at the
operating point was increased about 7 % relative to the case with
extension pipe.
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Figure 5. a) Efficiency versus flow coefficient. b) Power coefficient
versus flow coefficient, at different opening of GV

In Fig. 6 and Fig. 7, there is a region under the cone of runner
where the vapor is formed. This phenomenon is often termed as
vortex breakdown leading to the formation of a helical vortex rope
in the draft tube [18, 19]. The creation of a vortex rope in the flow
through a draft tube leads to pressure fluctuations on the wall.
These oscillations create vibrations and, if the frequency of these
oscillations coincides with the natural frequency of the structure,
this leads to resonance [3]. Axial and circumferential velocity
distribution in one meter below the centerline of the turbine at two
opening of guide vanes (100% and 60%), for both cases (with and
without extension pipe) are shown in Fig. 8 and Fig. 9.

The results showed that there were not any significant changes
in the vortex area in two cases. However, there is a reduction in
the strength of the vortex for the case of without extension pipe,
at 60% opening of guide vanes.

4.2. Pressure recovery

A significant quantity of kinetic energy leaves the runner in
reaction turbines. The amount of kinetic energy that is converted
to pressure energy at the runner exit defines the performance of
the draft tube [20, 21]. In this study, the pressure recovery factor,
Cp (eq. (11)) was applied in order to evaluate the performance of
draft tube. It is a common engineering parameter used to measure
the amount of kinetic energy recovered along the draft tube.

_ 2 (Ps — I:)s—in) (11)
P
p (Q/Aln )2

Measurement locations of draft tube are indicated in Fig. 10.
Figure 11 represents the comparison of pressure recovery factors
along the draft tube with extension tube and without extension
tube. As can be seen, in both cases the pressure recovery factor
increases up to the end of the cone region. In the region of
extension pipe, there is not any significant change in C, and it
remains constant and starts to increase in the elbow region. It is
obvious from Fig. 11 that by removing the cylindrical tube, the
pressure recovery factor is increasing continuously along the draft
tube. The results showed that the pipe extension will have negative
effect on the performance of the draft tube and eventually will
reduce the efficiency of the turbine. The reduction in efficiency
was shown in Fig. 4. The wall pressure recovery (eq. (12)) is an
estimation of draft tube efficiency. In practice, the hydraulic
performance of a turbine draft tube is quantified with the wall
pressure recovery coefficient [21].

Co = 2‘(PW7F’W4;) (12)
P (Q/Am)

The wall pressure recovery (Cp.wai) Variations along the upper
and lower paths in the draft tube is illustrated in Fig. 12a and Fig.
12b for two cases. As can be seen in these figures, Ce. wan along
the upper side is increasing in the cone and reduces in the elbow
region as expected because of the acceleration of flow towards the
inner radius of the elbow. Conversely, the wall pressure recovery
factor along the lower side starts to increase along the elbow
region because of the increase in static pressure due to the
deceleration of flow towards the outer radius of the elbow. In Fig.
12a, there is a significant reduction in Cpe.wai along the upper side,
because of the existence of extension tube which is lead to
inadequate function of the draft tube.

The wall pressure recovery (Ce.wai) Variations along the upper
and lower paths in the draft tube is illustrated in Figures 11 and 12
for two cases.
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Figure 6. Contours of volume fraction in runner (guide vane opening of 100%)
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Figure 7. Contours of volume fraction in runner at nominal condition (a) With extension tube (b) Without extension tube
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As can be seen in these Figures, Cp. wan along the upper side is because of the acceleration of flow towards the inner radius of the
increasing in the cone and reduces in the elbow region as expected elbow.
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Conversely, the wall pressure recovery factor along the lower
side starts to increase along the elbow region because of the
increase in static pressure due to the deceleration of flow towards
the outer radius of the elbow. In Figure 11, there is a significant
reduction in Cp. wai along the upper side, because of the existence
of extension tube, which is lead to inadequate function of the draft
tube.
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Figure 11. The comparison of Pressure recovery factor obtained from
CFD calculations
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Figure 12. Wall Pressure recovery factor for draft tube a) with extension
tube, b) without extension tube

4.3. Theoretical point of view

Writing the energy equation between point A (below runner)
and point B (outlet of draft tube) for the draft tube with extension
tube based on the Figure 13, we have:

PA

2 2
ZA+MZE+ZB+%
29 ™

+ hdraft (13)
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Since draft tube is a diffuser, Vg is always less than Va which
implies the second term of the above relation is always negative.
Ps is the gauge pressure. Thus the above relation can be reduced

to the following:
Py ot 4y — Vg
(AabSOHeJ —|:ZA+AAZBB_hdrafI:|
pg With extension g

According to the eq. (14), the amount of absolute pressure in
region A will always be negative. Doing the same procedure for
the draft tube without extension tube, we will have:

( PA—absqute
A

It is obvious that Zg-is equal to the length of extension pipe.
h arart Can be estimated using the classic relationship of loss in
the pipes.

(14)

)+ a Vi —agVe
29

—h’

draft

} (15)

]Without extension

2
ht;raft = hdraft -2fL Q (16)
zd3g
Substitution of eq. (16) into eq. (15):
( PAahsqute] — [ PAabsquleJ _ L + 2 ﬂ_ Q2 (17)
pg With extension ,Dg Without extension 4 d 39

For the fluid to flow into the tube, the amount of hydraulic loss
in the pipe should not be greater than the length (L) of the pipe.
Equation (17) shows that the pipe extension leads to a reduction in
absolute pressure in region A and consequently, the probability of
occurrence of cavitation under the runner increases. Thus height
of the draft tube is an important parameter to avoid cavitation.
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Figure 13. Schematics of draft tubes. With extension (left) and without
extension (right)

5. Conclusion

Because of installation limitation, in some power stations an
extra pipe should be added to the draft tube at the bottom of the
cone. In this paper, Computational Fluid Dynamic (CFD) was
applied to study and evaluate the effect of this extra pipe on the
performance of Francis hydraulic turbine in power stations. In
order to investigate the presence of cavitation, a homogeneous
multiphase model with Rayleigh-Plesset cavitation model was
applied. Contours of Gas Volume Fraction (GVF), showed that use
of this extra cylindrical tube caused reduction of pressure under
the runner which resulted intensive cavitation at the trailing edge
of the runner blades. It was occurred in most of turbine operating
conditions. It was found from the comparison of pressure recovery
factor, that the pipe extension will have negative effect on the
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performance of the draft tube and eventually will reduce the
efficiency of the turbine. It was not observed any significant
changes in the vortex area for two cases. Eventually, the issue was
studied from a theoretical point of view. The result reveal that the
pipe extension leads to a reduction in absolute pressure under the
runner and consequently, the probability of occurrence of
cavitation in this region increases.
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Nomenclature

DODTS 8 NX

Cross section at inlet of draft tube (m?)
Pressure recovery factor

Runner outer diameter (m)

Extension pipe diameter (m)

External force (kgms?)

Gravity (ms?)

Total head of turbine (m)

Hydraulic loss (m)

Length of Extension pipe (m)
Condensation mass transfer rate (kgs™)
Evaporation mass transfer rate (kgs™)
Rotational speed (min)

Power (kgm?s)

Ambient pressure (Pa)

Average static pressure (Pa)

Wall static pressure (Pa)

Total input Power ( kgm?s?)

Power coefficient

Volume flow rate (m%™)

Torgue on shaft (kgm?s?)

[u, v, w] , Instantaneous velocity vector
[X, Y, Z] , Cartesian coordinates
Height (m)

Vapor volume fraction

Efficiency

Density (kgm™®)

Liquid density (kgm®)

Vapor density (kgm™)

Mixture density (kgm™)
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Kinematic viscosity(m?s™)
Dynamic viscosity ( kgm™s™)
Liquid dynamic viscosity ( kgm™s™)
Turbulent viscosity ( kgm™s™)
Vapor dynamic viscosity ( kgm™s™)
Flow coefficient

Nominal Flow coefficient

Head coefficient

Rotational speed (rad s™)
Turbulent frequency
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