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Hydraulic Characteristics of the Francis

Turbine with Various Groove Shapes
of Draft Tube
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Abstract The small hydropower is a renewable energy technology, because the
energy resource ‘falling water’ is replenishable as the fuel (falling water) is part of
the hydrological cycle. This technology is being a form of renewable energy with no
gaseous emissions, the small hydropower systems are among the options for climate
change mitigation and therefore, they are candidates for international carbon trading
opportunities such as the Clean Development Mechanism. The draft tube is an
important component of a Francis turbine which is one of the small hydropower
systems, influences the hydraulic performance. Moreover, as the swirl flow in the
draft tube of the Francis turbine decreases pressure at the inlet region, the sup-
pression of swirl flow can be a useful method of minimizing the occurrence of
cavitation. In this study, the flow characteristics in a Francis turbine on the 15 MW
hydropower generations have been investigated numerically with various shapes of
draft tube. Numerical analysis was conducted by using the commercial code,
ANSYS CFX. Results showed that the grooved model has relatively uniform dis-
tribution of pressure field compared with basic model. Hence, the stability of flow is
enhanced, which may attribute to the suppression of draft surge and cavitation.
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Nomenclature

L, Length of the cone respectively (mm)

Douie: Diameter of cone vase of the draft tube (mm)
D, Diameter of inlet of draft tube (mm)

U Velocity (m/s)

P Pressure (kPa)
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t Time (s)
k Kinetic energy

Greek Letters

p Density (kg/m?)
u Viscosity (Pa - s)
¢ Dissipation rate

Acronyms

CFD  Computer fluid dynamics

RANS Reynolds averaged Navies-stokes
FFT  Fast-Fourier transform

FVM  Finite volume method

MRF  Multiple frame model

SST Shear stress transport

1 Introduction

Hydropower has been a proven, extremely flexible, and well-advanced technology
for more than one century. At present, its technology is very mature. Still, there is
some room for further improvements. Turbine efficiency is likely the most
important factor in a unit. As the heart of the system, design of a turbine is focused
on this is to obtain the maximum efficiency. The maximum efficiency can be
reached when all losses are kept to a minimum. Hydropower turbines are catego-
rized into two types, which are impulse and reaction turbines, each suitable for
different types of water flows and heads. Impulse turbines have simple design and
are inexpensive [1]. There are various types of impulse turbines, namely Turgo,
Pelton, and cross flow turbines. These types are commonly used as high and
medium heads [2]. Recently, they have been applied for lower head microsites, and
their proven effectiveness has made them becoming an accepted alternative practice
in many countries [3]. Compared to impulse turbines, reaction turbines have a better
performance in low head and high flow sites [1, 4]. At slow operating speed, the
efficiency of reaction turbines is usually higher than that of impulse turbines [5].
There are also various types of reaction turbines such as propeller or Kaplan,
Francis, Pump as, Archimedes screw, and Barker’s mill, etc., turbines [6-9].

A Francis turbine is the most commonly used type at hydropower systems [10].
This turbine can be used for micro-, small, medium, or large hydro-systems, as the
operating range of Francis turbines is between 1 and 900 m. It has a radial or mixed
radial/axial flow runner, which is most commonly mounted in a spiral casing with
internal adjustable guide vanes [11]. Flow in the different components of turbine is
interrelated and reacts mutually; especially the components like guide vanes, run-
ner, and draft tube have strong influence on one another due to the dynamic forces
and resulting vibration. The prediction and understanding of the flow behavior in
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casing, runner, and draft tube region hold key importance in redefining the flow and
developing better flow techniques to overcome the flow instabilities and the
detrimental interaction between the components [12]. While a steady-state analysis
using Computational fluid dynamics (CFD) can predict turbine performance
parameters like efficiency, cavitation, and hydraulic losses, the analysis of dynamic
forces demands calculation of unsteady flow with advanced turbulence model to
achieve accurate results. Shear stress model (SST) [13], realizable k-¢ [14], standard
k-¢ including hybrid Kato-Launder correction [15] are of good choices for turbu-
lence model to analyze rotor-stator interaction and pressure pulsation, but more
sophisticated turbulence models like Renormalization Group (RNG k-¢) [16, 17],
extended k-¢ [18], large eddy simulation (LES), scale-adaptive simulation
(SAS-SST), Reynolds stress models (RSM) [19] are opted for capturing draft tube
vortex rope more accurately. These turbulence models and the numerical simulation
as a whole require finer grid, extended computational effort, and CPU time.

The suitable draft tube of a Francis turbine is not determined in the hydropower
efficiency and it is necessary to study the effective turbine. Among all hydraulic
turbine machines used for energy conversion, extensive operating system of Francis
turbine enables it to be used for various ranges of small to large hydropower plant.
A draft tube is one of the important parts of a hydro turbine, which is used to
transform water into energy. Without a draft tube, the pressure could drop because
of lack of water, and in turn, the entire turbine could fail to work and power could
be lost. A draft tube can also be either straight or curved, depending on the general
construction of the turbine. This makes Francis turbine most popular and hence it is
used in large number of hydropower plants. In order to develop a reliable machine
for this highly demanding operation, the behavior of the flow in the entire turbine
system has predicted a reliable computational method like CFD which is very
economical method. Many researchers numerically studied the geometrical effects
of blade shapes of the Francis turbine [20, 21]. The result also showed that the
change of discharge angle significantly influenced on the performance of the turbine
hydraulic efficiency. Wei et al. [22] presented a CFD methodology to study the
unsteady rotating vortex in the draft tube of a Francis turbine at part load conditions
and associated experimental study of the flow phenomena. They performed
unsteady Reynolds averaged Navier-stokes (RANS) simulation for the flow and
validated the same with the experimental result. Kurokawa et al. and Qian et al. [23,
24] investigated the possibility of suppressing the draft tube surge in the draft tube
of a Francis turbine by using J-groove without decrease of the turbine efficiency.
They showed that the change of draft tube significantly influenced on the perfor-
mance of the hydraulic efficiency. Nishi et al. [25] investigated the
three-dimensional (3D) multiphase flow in the Francis turbine. The pressure pul-
sation in the draft tube, in front runner, guide vanes, and in the spiral case was
predicted and analyzed via FFT (Fast Fourier Transform). They showed that the
pressure pulsation effected on the performance of the turbine hydraulic efficiency.

Kirschner et al. [26] investigated the water swirling flow in a 9.5° conical
diffuser. They showed that the dimensionless peak-to-peak pressure fluctuation and
the corresponding dimensionless fundamental frequency were constant with high
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cavitation parameter value, but decreased monotonically as the vortex cavitation
was developed. Susan-Resiga et al. [27] tried to control vortex with an axial jet in
the draft tube. Francis turbine’s effectiveness depends on the development of the
helical vortex, or the so-called as vortex rope downstream the runner, in the draft
tube cone. Resiga et al. [28] proposed a new simple method to reduce the vortex
rope by using a water jet supplied with high pressure from the spiral inlet. This had
been shown to be able to eliminate the pressure fluctuations at partial load and
increase the draft tube efficiency. In the following study, ANSYS CFX software
[29] computed the circumferentially averaged flow field, induced the processing
vortex rope encountered in the draft tube cone of Francis turbines, worked at partial
discharge by using an axisymmetric turbulent swirling flow model.

In this study, the hydraulic performance of a Francis turbine was investigated
with two different groove shapes (rectangular and circular) using the commercial
code, ANSYS CFX ver. 14.5. In particular, the swirl region and the flow charac-
teristics in the draft tube were studied.

2 Numerical Model

The schematic diagram of a Francis turbine for this simulation is shown in Fig. 1.
The modeled Francis turbine was generated through the 2D plan of the Sumjin
hydroelectric power plant in Korea. Figure 2 shows the detail view of the draft tube
model. The modeled Francis turbine is described as follows: diameter of runner
D = 1.4 m, head of Francis turbine H = 151 m, and the rotation speed n = 514
rpm. In addition, it has a runner with 14 blades, a stay vane with 9 blades, a guide
vane with 21 blades and 2 gorge shapes of draft tube. The spiral casing of the
modeled Francis turbine was fixed for numerical analysis.

Fig. 1 Schematic diagram of
Francis hydraulic turbine
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Fig. 2 Detail view of draft
tube in Francis turbine

&
Outlet Q

The shape of draft tube is very important part of keeping the stable flow con-
dition as well as to suppress the occurrence of draft surge. Aforementioned, many
researchers tried to get the optimum shape of draft tube. In this study, the shapes of
draft tube were generated by taking into account of combination with J-groove and
O-groove, using the following design criteria [30]:

Ld Z 6(Doutlel - De) (1)

where D,y 1S the diameter of cone base of the draft tube, D, is the diameter of the
inlet of draft tube, and the L, refers to the length of the cone, respectively. As
shown in Fig. 3, the angle of draft tube & should be less than 5° to satisfy the
Eq. (D).

Figure 4 shows the dimensions of the various groove shapes installed in a draft
tube of a Francis turbine. In order to control the surge caused by the swirl region in
the draft tube, a series of groove (rectangle and circular shapes) were designed on
the wall of the inlet of draft tube with the size 1400 mm X 150 mm X 60 mm
(Length (L) X width (W) X depth (D)).

We performed a numerical analysis by changing a number of groove from 8-12
which is based on a model acquired by optimum procedure according to the aspect
ratio (refer to Table 1).
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Fig. 3 Dimensions of the draft tube inlet region
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Fig. 4 Groove models applied to draft tube [unit: mm]. a Basic model. b J-groove. ¢ O-groove
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Table 1 Draft tube profiles

Types Groove type No. of groove
A Basic model None

B J-Groove 8

C 10

D 12

E 0O-Groove 8

F 10

G 12

3 Grid Systems and Boundary Conditions

As shown in Fig. 5, 3D discretization has been used with the finite volume method
(FVM) provided by the Orieux et al. [31]. In particular, unstructured 3D tetrahedral
and hexahedral meshing was employed, due to its flexibility for solving complex

geometries.

Table 2 showed the whole number of computational mesh nodes. The irregu-
larity of grids near wall boundary should be thoroughly considered and required the
appropriate grid generations for improving the accuracy of the calculated results. In
order to investigate the rotating effect of runner blades, the MRF (Multiple Frame
Model) method was applied. It is a steady-state approximation where the fluid zone
is modeled in a rotating frame of reference and the surrounding zones are modeled

Hexahedral Tetrahedral

Grid systems of the Francis turbine

Fig. 5 Grid systems

Prism-layer
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Table 2 Grid systems of the

; h Stage Program Method No. of mesh
modeled Francis turbine Spiral casing CFX Tetrahedron 1,100,000
Guide vane 110,000
Draft tube 200,000
Runner blade Turbo grid Hexahedron 300,000

Table 3 Boundary

© Boundary conditions Value
conditions - 3

Inlet of turbine 10.97 (m’/s)
Outlet of turbine 1 atm
Wall No-slip wall
Rotor stator interface Frozen rotor
Calculation type Steady state
Turbulence model SST

in a stationary frame. The prism-layer method was applied to individual runner
blade, draft tube, and guide vane in order to improve the convergence of numerical
calculation. The SST (Shear-Stress-Transport) model was adopted as turbulence
model because of its relatively good convergence in the complicated flow field of
turbo machinery in comparison with the other models [31]. Table 3 showed the
numerical methods and boundary conditions applied in this study.

In general, the numerical results depend upon the solver grid. If the computa-
tional resources allow it, it is always recommended to adapt the grid until the
solution is independent of the mesh. For CFD analysis, a fine grid resolution in the
vicinity of wall is required to obtain a good solution for the boundary layer.
Different turbulence models have different dimensionless wall distance (v*)
requirements. It is simply the wall distance times the shear velocity divided by the
kinematic viscosity. Also, the y* value has a decisive effect on the numerical
analysis. For the SST model the requirement is y*< 2, while for the k-¢ model
30 < y*<300 [31]. We confirmed y"=1.5 at the draft tube wall region.

4 Governing Equations

The governing equations for conservation of mass and momentum can be written as
follows:

(i) Continuity:

5 TV (pU)=0 2)
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(ii)) Momentum:

a<§:j)+v.(pU~U):—Vp+V'T (3)
fu(vw(w)’iW-U) )

where U, p, p, and V(U - 1) are denoted as the velocity, pressure, density, and
viscous force, respectively. To consider the turbulent flow in the analysis model, a
shear stress transport (SST) turbulence model was employed. The turbulent velocity
scale is computed from the turbulent kinetic energy (k). The turbulent length scale is
estimated from the two properties of the turbulence field, usually the turbulence

’

’
iU, can be

—— (2. 06U  (oU; U
Pty = —H ’{35"6x1+<aw+am>} G)

where J;; is the Konekes delta function, and g, is the turbulent viscosity, which is
denoted as:

kinetic energy and dissipation rate (¢). The turbulence transport term, pu
written as [29]:

Mt = pc‘ullV{ (6)
The velocity and length scales are written as:
k2/3

Vt: \/lz, lt:TCH (7)

The turbulence kinetic energy (k) and the dissipation rate (¢) are written from the
transport equations:

d(pk)  O(pUk) 0 Ok
ot + 5xj 8xj k (9)6]‘ + % pe ( )

d(pk) 0(pUg) 0 e\ e

=—|Te=— —(Ce1 Py — 3
8l + axj 8)Cj ¢ 8)Cj + k (CSI k ngzl“‘) (9)
where the diffusion coefficients are given by
To=pt+ 2 r=pt & (10)
(7 (o

The diffusion rate of the turbulence kinetic energy Py is given by
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Py = —puu, o (11)
j

where the k-¢ turbulence model constant C,, C;i, Cy, and ¢ are 0.09, 1.44, 1.92,
and 1.3, respectively. The turbulence model constant for the k equation oy is 1.

These equations were solved simultaneously by using a commercial CFD code,
ANSYS CFX.

5 Results and Discussion

In order to confirm the vortex rope characteristics and hydraulic performance of the
Francis turbine, the effects of groove shape (J-groove and O-groove) were investi-
gated. Figure 6 shows the static pressure distributions at the cross section of the
modeled draft tube. Results of Type A (basic model) showed that the pressure was
increased when the region is away from the inlet of draft tube. Type B-D showed the
results of the same region by generating a group of J-groove, and Type E-F for a
group of O-groove. Results showed that the J-groove model has relatively uniform
distribution of pressure field compared with other types. Consequently, the stability
of flow could be enhanced, which may attribute to the suppression of draft surge.
Figure 7 showed the velocity vector distributions at the cross section of draft
tube (Type B-D for J-groove, Type E-G for O-groove). Results showed that for a
O-groove shape the strength of swirl flow increased to a high level, especially in the
region near the wall. Figure 8 showed the detail view of velocity vectors in the

@ b) g (© S d) o i
S\ | : ®
pﬁ"’;"""""’“""‘ 800 mm {E]‘ (f) of

[kPa] l

Fig. 6 Pressure distributions at the cross section of the draft tube. a Type A. b Type B. ¢ Type C.
d Type D. e Type E. f Type F. g Type G
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Fig. 7 Velocity vector at the cross section of the draft tube. a Type A. b Type B. ¢ Type C.
d Type D. e Type E. f Type F. g Type G
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J-groove O-groove

Fig. 8 Detail view of velocity vectors in the passage of J-groove and O-groove

passage of J-groove and O-groove. It is seen that for a J-groove the flow direction
shows upward, which is reverse direction to that of main flow in the draft tube. The
reverse flow in the passage of J-groove goes out to the center region of draft tube.
Therefore, it is conjectured that the strong jet flow from the J-groove to the center
region of draft tube performs a role of decreasing circumferential velocity

component.
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Fig. 9 Vortex core region in the various draft tubes. a Type A. b Type B. ¢ Type C. d Type D.
e Type E. f Type F. g Type G

A vortex core region in the draft tube also shows that there is high possibility of
suppressing draft surge to some extent. The draft surge phenomenon is a result of
unstable fluid flow. Main flow is pushed to the region nearby wall surface on the
draft tube passage. Figure 9 showed a level of swirling strength which is applied for
the observation of vortex core region. Figure 9a showed that in the draft tube basic
model, strong whirl flow exists, which may cause draft tube surge. Results also
showed that Type B (having J-groove, 8EA) works in good condition with small
rotating flow in the draft tube. A strong flow at the center region of draft tube
performs a role of decreasing circumferential vortex core. The swirl flow exists far
away from the center of draft tube, and the depth of vortex core region is shallow.
In order to investigate the effect of groove-shape quantitatively, a comparison of
average velocity in the draft tube was carried out between the basic model and
groove installation models. Figure 10 shows the average velocity of the axial
direction in the draft tube. It is seen that Type B has the lower velocity value than
the others. It decreased about 20 % when compared with basic model (Type A).
Results also showed that Type G has the high velocity value than the others. It is
resulted from the non-uniform internal flow pattern in the draft tube. So these flow
patterns when applied J-groove configurations to draft tube provoke the effective
pressure recovery performance and these affect to improve the efficiency of turbine
system for hydropower production.
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Fig. 10 Average velocity 16.0
near the wall of draft tube
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6 Conclusion

In the present study, the flow characteristic of the Francis turbine has been simu-
lated with various models of draft tube. In order to validate numerical methods, we
have compared hydraulic performance values with real operation data obtained
from one of the operating hydropower plants in Korea. In particular, the vortex core
and pressure distributions in the considered hydraulic turbine were investigated.

Swirl flow from the groove passage to the center region in the draft tube per-
forms a decisive role of increasing circumferential pressure component. Therefore,
vortex core region diminished considerably with the groove shapes on the wall of
the draft tube. The Francis turbine with Type B (J-groove, 8EA) represents the best
result among the various model cases that showed a small swirl flow in the draft
tube.

From the continued following study for the shape optimization of J-groove,
further improvement of suppression performance for the swirl flow in draft tube will
be expected. For better understanding of this fascinating flow problem, however, it
may be necessary to perform the experimental works. In the near future, we would
be glad to compare these numerical results with those obtained by anyone in the
same field.

Optimization of the small hydropower systems considering various design fac-
tors such as guide vane, impeller, casing, and draft tube configurations, etc., and
topographic characteristics will make more promising than purely optimization of
structures. From now on, optimization of operating conditions, mitigating or
reducing environmental impacts, adapting to new social and environmental
requirements and more cost-effective technological solutions are more and more
important. Such as hydrokinetic turbines, or hybrid windhydropower turbine sys-
tems, etc., with the application of new technologies, the new styles of turbines are
more efficient and environmentally friendly, and can compete with traditional
designs.
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