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ABSTRACT

Small hydro is a valuable source of energy for remote area power generation. Pump-turbines are one of the most efficient
ways to make and utilize the hydro energy. The purpose of the study is to design a pump-turbine model and conduct CFD
analysis for performance prediction. The pump-turbine system is to be installed using an existing Francis turbine experiment
model facility, so the overall casing and draft tube dimensions of the pump-turbine are the same as the existing Francis turbine.
Only the dimensions of the stay vanes, guide vanes and impeller are different. Several impeller designs were investigated to
match the design requirements of the model test facility. The performance and internal flow characteristics of the initial and

final designs are compared and the best design is suggested for manufacturing for testing in the model test facility. The CFD

results show relatively good results in both modes achieving more than 80% in hydraulic efficiency.

1. Introduction

Small hydro power is a valuable source of energy for
rural industries and village electrification projects,
Pump—turbines are one of the most efficient ways to
utilize the hydro energy. The purpose of the study is to
design a pump-—turbine model and conduct numerical
analysis for performance prediction, The study focuses
on the design and numerical analysis of a 3 kW—class
pump—turbine model that could be implemented for
providing clean and stable electricity in small island
regions, A small pump—turbine can be applied in
locations where other renewable energy systems like
wind and solar are available to develop a hybrid
system so that clean energy can be used for the
pumping mode,

The system can also be applied in South Korea
because there is potential to develop several islands

that can be energy independent, Currently, most of the

islands are not connected to the grid of the main land
so the only means of electricity generation is by diesel
generators or some renewable energies like wind
-9 Additionally, a 3 kW

pump—turbine does not require a large head and a

turbines and solar power,

head of approximately 15 m is sufficient for the design

and application, Several other renewable energy
systems like wind turbines, tidal turbines and solar
energy could be used to develop a hybrid system,
where the pump—turbine will be used for balancing the
grid during high energy demand, The excess energy
that is normally wasted by other renewable energy
converters can be used in the pumping mode to restore
the hydro energy,

In this study the pump—turbine model was designed
and computational fluid dynamics (CFD) analysis for
performance  prediction and improvement was
conducted, The pump—turbine system is to be installed

using an existing Francis turbine experiment model
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Fig. 1 Existing Francis turbine facility

facility as shown in Fig, 1, The first purpose of the
study has been achieved, which was to design a
pump—turbine system and conduct CFD analysis for
Additionally,

develop the actual impeller, guide vanes, stay vanes

performance test, the study aims to
and casing for an experiment model test, The long
term objective of the study is to introduce J—grooves
on the draft tube of the pump-—turbine system and
study its effects on reducing the unsteady flow

phenomena that occur in the draft tube,

2. Pump—turbine Impeller Design

The study has focused on the hydraulic designs
using a head of Hp=15m and flow rate of ¢=0,02
m’/s for P=3kW-class pump—turbine, The turbine
mode design head is Hr=15m and flow rate is @=
0.026 m’/s. The corresponding specific speeds for pump
and turbine modes are ng, =31 m-m’/s and ng =95
m—kW respectively, The design considers the method
of gradient of discharge variation to head variation
derived from a pump-—turbine design method by
Kubota(4)_ The method has been previously investigated
by the author for conventional large sized pump

turbines"®

. For the past century, developed countries
have devised pump—turbine designs by conducting
several experiments and developed their own theories
and relevant factors important to the pump-—turbine

(6-9)

design It is used as a reference and certain

techniques can be applied to the pump—turbine
impeller design for the current study, The rotational

speed is one of the most important parameters that are

S=EFAP AR =28 Hi20d, M6<, 2017

Table 1 Design Parameters

Design Parameters Initial Design MOdjﬁed. & Final
designs
Blade Number 6 5
Stay vane / Guide 1 1
vane
D (m) 0.185 0.1980
Dy (m) 0.112 0.1120
B, (m) 0.018 0.0152
Rotational speed 1800 min "
Operating Mode Pump | Turbine | Pump | Turbine
Flow rate (m’/s) 0.020 0.025 0.020 0.026
Head (m) 15 165 15
Specific Speed |35 m-m’/; s‘ 105 m-kW|31 m-m’/s| 95 m-kW

selected first, This study will use the same rotational
speed of the model Francis turbine in the current
facility as n=1800 min ', Both of the pump and turbine
modes are operated at the same rotational speed
because a synchronous motor generator is utilized in
modern pump—turbines,

The specific speed of the pump and turbine can be

calculated by equations (1) and (2) respectively:

nvQ

sp = HYT @
VP

Tyt = 2}.25 ()

A draft impeller meridional shape can be obtained
from equations (3) to (6). The peripheral speed us at
the impeller exit at best efficiency point can be

expressed by the following equation:

05
/ [1+ 1 ]

Uy 9q/H
o, 0.0765 3)

After obtaining the peripheral speed the diameter at
the impeller exit, D, can then be found by equation

(4):

4

The width B, can be found by the following

equation:
__Q
Bg a 7TDZCmIP (5)
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Fig. 2 Pump-turbine design progress

Finally, a rough estimation of the impeller entrance

diameter D; can be determined by:

-l

TCn1p

Several case studies were conducted to achieve a
suitable design that matched well with the design
parameters, Key differences between the initial design
to the modified design parameters are presented in
Table 1,

components have been compared in Fig, 2, The main

The initial and final designs of the major

differences from the initial to final design are the
blade number, blade width, B; and the diameter, D,

The stay vane and guide vane shapes and sizes were

also modified to fit all the components in the existing
casing taking into account that the parts would be
economical to manufacture and assemble, Therefore,
the specific speed of the pump-—turbine was changed
from 35 to 31 m—m’/s to achieve a better design,
Excluding the initial design, all other design
included the pipe loss calculation for the pump mode,
Even though the design head is 15m, the pipe loss
adds to this head and increases it, However, in realty
the head achieved will be 15 m, After the calculation of
pipe loss, the specific speed had to be re—calculated so
the specific speed changed from the initial design of 35
to 31 m—ms/s for the final design, Moreover, the blade
also had to be

dimensions recalculated, Design

comparisons are presented in Table 1,

SEFHIIAEE =28 M202, M6S, 2017
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Table 2 Boundary conditions

Specification Turbine Pump
Inlet Total Pressure | Static Pressure
Outlet Static Pressure | Mass flow rate

Shear Stress Transport (SST)
General Grid Interface (GGI)
Frozen Rotor
No slip wall

Turbulence model

Grid interface connection
Interface model
Wall condition

3. Numerical Method

The fluid domain of the pump—turbine geometry was
modelled in 3D and a numerical mesh was generated,
The analysis calculation was conducted using a
commercial software ANSYS CFX ™

shape for guide vanes, stay vanes, draft tube and

)_ Previously available

casing for a pump—turbine was used for the full
domain analysis, It consists of a spiral casing, 14 stay
vanes, 14 guide vanes and an impeller with 5 blades,

The general connection at the rotational interface
and fixed interfaces was set as frozen rotor for a
steady state calculation, The shear stress transport
turbulence model has been adopted in this study
because of its superiority to estimate both separation
and vortex occurrence on the wall of complex blade
shapes, The total pressure boundary condition was
applied at the inlet and static pressure was set for the
outlet in the turbine mode (TM), With this boundary
condition the head can be fixed while the flow rate is
determined by calculation according to guide vane
opening, For the pump mode (PM) the static pressure
boundary condition was applied at the inlet and mass
flow rate was set for the outlet. The boundary
conditions for the numerical analysis are summarized
in Table 2,

The numerical mesh for all the components were
constructed using the hexahedral mesh, The full
domain calculation model and refined hexahedral mesh
on a single impeller is shown in Fig, 3. The generated
mesh had more than 3,5X10° nodes and elements, The
calculation also includes the clearance gap or leakage
component in the numerical analysis to capture a more
accurate calculation for future comparison to
experiments, A mesh dependence test was done using a

refined mesh of more than 6_5><1O6 nodes and elements,

g=RMDIHEE =28 H20d, Me=, 2017
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Fig. 3 Fine hexahedral numerical grids of full domain

The results of the two meshes did not show large
variations, so the lower mesh number was used for all

other cases.
4. Results and Discussion
4.1. Performance Characteristics

The performance characteristics of all the designs
have been presented in this section, In total there
were four main designs leading to the final design, The
initial design was the most basic design that resembled
the previous Francis turbine meridional shape and the
same guide vane shape, The number of blades of the
initial design differs from the modified designs and the
final design, The design progressed with advise from
experts in the field of turbo—machinery, especially in
pump turbine design technology. After the modification
of the first meridional shape, the blade numbers were
also corrected to mitigate the excitation effects
between the guide vane and impeller vane, The
corrected blade number from the modified design to
the final design is 5 and the stay vane number was
changed from 12 to 14, Due to this change the specific
speed also reduced from 35 to 31 m-m?/s.

The performance characteristics of the initial design

is presented in Fig, 4. The results of both pump and

15
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Fig. 4 Performance characteristic curves for the

Initial design without clearance gap

turbine modes have been included providing the
efficiency, power and head according to the flow rate,
The CFD analysis was conducted without taking the
clearance gap into consideration, The initial results
were not satisfactory, meaning that it did not achieve
the design parameters, Although the turbine mode
performed well, the pump mode did not do so well in
terms of efficiency and head, The efficiency in turbine
mode was greater than 86% where as in pump mode it
was a low 81%, The main reason for this is that the
guide vanes used are not suitable for the pump mode,
To check this, additional cases were conducted without
any stay vanes and guide vanes, The results shown in
dotted lines clearly show increase in head and
efficiency while the power is maintained, However, the
guide vanes and stay vanes cannot be removed because
they are vital in maintaining the efficiency and power
for the turbine mode, Therefore, the shape design of
the guide vanes and stay vanes was improved and
reanalyzed, The pump-—turbine is a complicated
turbo—machine that requires a balance in performance
between the two modes and it is very difficult to
control the trade up and down relationship of the two
modes,

The final design CFD results with the consideration
of clearance gap has been presented in Fig, 5, with the
turbine mode hill chart presented in Fig, 6. The design
showed considerable improvement in both modes of
operation, The maximum efficiencies in turbine mode
and pump mode were achieved as 86 and 84,7 percent,

respectively, The design head was also achieved for
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Fig. 5 Performance characteristics of final pump-turbine model at
design points for both operating modes
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Fig. 6 Hill chart performance characteristic at turbine mode

both modes at 15m, The turbine mode produced a
maximum of 3,2kW power and the pump mode
consumed a maximum 3,5kW of power in the design
operating conditions, The hill chart in Fig, 6 presents
the various guide vane openings that were checked for
the efficiencies according to the unit rotational speed,
N and unit flow rate, @u. It can be seen that the
various

turbine mode performed quite well over

rotational speed and flow rates with high efficiencies,
4.2. Internal Flow Characteristics

The separate components in the pump—turbine system
were investigated qualitatively and quantitatively by
investigating the pressure contours and velocity
vectors in the middle section of each component, The

pressure contours for the pump and turbine modes at

S==AD AR
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(a) Initial Design

SV location

DT location

(o) Final Design

Fig. 7 Pressure contours in pump mode

(a) Initial Design

(b) Final Design

Fig. 8 Pressure contours in turbine mode

the best efficiency points for the initial and final
designs are compared in Figs, 7 and 8, respectively,
The velocity vector distributions that show significant
comparisons between each design in the pump and
turbine modes have been presented in Figs, 9 and 10,
It can be observed that there is very small variation on

the flow pattern in the turbine modes but the flow in

SEFHDIAEE =28 M202, H6s, 2017

the pump mode improves from the initial to the final
design, A significant improvement of the flow is
observed in the pump mode at the guide vanes and stay
vanes from the initial design to the final design, This
is mostly because of the change in the shape design of
the vanes, The recirculation flows that occur in the

initial design are mitigated significantly, It is observed
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(b) Final Design

Fig. 10 Velocity vectors in turbine mode

that the recirculation flows were completely mitigated
by the improved design of the stay vanes, guide vanes
and impeller meridional shapes,

A quantitative approach was made to investigate the
pressure and velocity components at the circular
locations shown in Figs, 7 and 8 to compare the initial
and final designs, The results are presented in Figs, 11
and 12, which shows the comparison of the pump and
turbine modes respectively, There is a significant

difference observed in the pressure and velocity

distribution in the pump mode, especially at the stay
vane location, A significant increase in pressure is
observed in the pump mode from the initial to the final
design which gives reason for improved performance,
The pressure and velocity distribution at the draft tube
did not show any significant change among the two
designs, The same was observed in the turbine mode
which also explains why there was no significant
change in the performance of the turbine modes of the

two designs,
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Fig. 11 Internal Flow characteristics in pump mode
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Fig. 12 Internal Flow characteristics in turbine mode

5. Conclusion

The study investigated the design and performance of
a small pump—turbine model by CFD, During the design

process, the flows and

comparison of internal
performance curves are useful methods to investigate
the different designs, The velocity vectors provide a
qualitative approach and

can clearly identify the

recirculation areas in the whole section of the
pump—turbine so that areas that need modification can
be easily identified, Using this method the stay vanes
and guide vanes were revised and in the final design it
is clearly observed that the recirculation flows were
significantly mitigated, The performance curves also
gives a better idea to the designer about the difficulty
in the trade up and down relationship of the
pump—turbine system because as one mode improves,
the other worsens, However, in the final design a
balanced relationship of both modes were achieved with

the desired requirements,

g=RMDIHEE =28 H20d, Me=, 2017
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