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ABSTRACT

In Korea, the performance of some pumped storage plants, which were constructed in 1980s, is unsatisfactory after long

periods of operation. Redesign of the pump-turbine impeller for these plants has become necessary. Currently, the design

technology of pump-turbine is monopolized by foreign companies and there’s lack of development of independent design ability

in Korea. This study is an attempt to design a pump-turbine impeller that will contribute to the development of pump-turbines

in Korea. The study has focused on two types of hydraulic designs. However, these are not complete designs so many

assumptions have been made to complete the design process. Some important factors have been highlighted for an initial design.

Additionally, actual dimensions of the pump-turbines are not publicly available. Therefore, by using a head of 350 m and flow

rate of 100 m’/s from 300 MW-class pump-turbines, the impeller design was investigated. The first design is by selection of

discharge speed constant from centrifugal pump design and the second design is by selection of gradient of discharge variation

to head variation. From this study it was found that the second design method is most suitable for obtaining a good initial

design.

1. Introduction

In developed countries with expanding economies,
there is increasing demand for energy that calls for
new and efficient power plants, Pumped storage plants
are one of the most reliable systems for equalizing the
power supply and demand, It provides balancing power
for grid stability and can provide fast response within
seconds to regulate the electrical grid during periods
of rapidly changing demand_m

The Yangyang Pumped Storage Power Station uses
the Namdae—Chun River to operate a 1,000 MW
pumped storage hydroelectric power system, about 10
km west of Yangyang in Gangwon Province, Korea,
Construction on the power plant began in 1996 and it
was completed and dedicated on September 13, 2006,

The power plant contains four 250 MW reversible

Francis turbine generators for an installed capacity of
1,000 MW.” Table 1 shows the finished construction
pumped storage plants in Korea, The capacity range of
the plant is between 400 to 1000 MW,

In Korea, the performance of some pumped storage

plant, which were constructed in 1980s, is unsatisfactory

Table 1 Pumped storage plants in Korea
Cheongpyeong 400 2 1980
Samrangjin 600 2 1985
Muju 600 2 199
Sancheong 700 2 2001
Yangyang 1000 4 2006
Cheongsong 600 2 2006
Yecheon 800 2 2011
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after long periods of operation, Redesign of the
pump—turbine impeller for these plants have become
necessary, Currently, the design technology of pump-—
turbine is monopolized by foreign companies and
there’s lack of development of independent design
ability in Korea, This study is an attempt to design a
pump—turbine impeller that will contribute to the
development of pump—turbines in Korea, There are two
methods discussed in this paper, Each method has an
important factor that affects the overall performance
of the These

highlighted in this study.

pump—turbine, factors have been

2. Pump—turbine Impeller Design

The study has focused on two types of hydraulic
designs, However, these are not complete designs so
there are many assumptions that have been made to
complete the design process, Additionally, actual
dimensions of the pump-—turbines are not publicly
available, Therefore, by using a head of Hp=350 m and
flow rate of @=100 m®/s from P=300 MW—class pump—
turbines, the impeller design was investigated, The
turbine mode design head is =340 m and flow rate is
@=115 m®/s. The corresponding specific speeds for
pump and turbine modes are ng,=37 m-m®/s and
ny=110 m—kW respectively, The first design considers
the discharge speed constant derived by Stepanoff’s
centrifugal pump design(S) and the second design
considers the gradient of discharge variation to head
variation derived from pump-—turbine

Kubota, @

design by

Most modern pump—turbines are developed using the
pump design method, However, the design procedure
does not completely follow the pump design method
and is modified to accommodate the turbine mode, The
blade number is reduced and blade length is increased,
The blade exit width is also increased to cater for the
added guide and stay vanes, For the past century,
developed countries like America, Europe and Japan
have devised pump—turbine designs by conducting
several experiments and developed their own theories
and relevant factors important to the pump-—turbine

4-7) . .
It is used as a reference and certain

design_(
techniques can be applied to the pump—turbine impeller

design for the current study, The rotational speed is

=KD IHEE =28 H203, M3, 2017

one of the most important parameters that are selected
first, Most large pump—turbines greater than P=300
MW-class capacity have a rotational speed of n=300
minfl_(l’s) This study will also use this rotational speed,
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,

2.1 Pump Design by Discharge Speed
Constant ‘Ku’

By referring to the basic hydraulic design of
centrifugal pump, some initial dimensions for the
meridional shape can be developed_(S) The following
method is adapted from reference (3). There is a
relationship between the pump and turbine specific
speeds, The turbine specific speed is approximately
three times the pump specific speed, Using the specific
speed, several important speed constants and inlet to
outlet diameter ratios can be determined for the initial
design, However, it should be noted that the pump-—
turbine needs a larger impeller exit width, which
cannot be accurately determined from Fig, 1 and

several trials have to be conducted to find near design

Speed Constants K, K, K, .|

13 26 52 103 155 207
[m-m?/s]
Specific speed n,
Fig. 1 Impeller constants®
19



Patrick Mark Singh - Young—Do Choi

point, The purpose of studying this method is to
determine the correct impeller exit width B; for a
pump—turbine system by using the existing pump
design method,

The specific speed of the pump and turbine can be

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

_nVQ
Ny = H}l;.TS (1)
nv/P
Ty = HLP @)

Another important factor in the design is the speed
constant that gives the relation between the pump
total head and the impeller peripheral velocity, Fig, 1
displays the relationship of several impeller constants
to the specific speed. The most widely used speed

constant K, is defined in equation (3):

K, =2 3)

U ]29 HP

Where usy is the peripheral velocity at impeller exit,
From Fig, 1, the values for K, and Kpns (speed constant
at exit of meridional line) were estimated as 1,04 and
13.5 respectively. Equations (4) and (6) were utilized to

calculate the initial impeller dimensions:

P @

Where @ is the angular velocity, From equation (4)

the impeller blade diameter, I} is calculated,

leP
K ,= 5
m2 ZQgH ( )
Using the speed constant Kng, the meridional

velocity, cmip is obtained from equation (5), Using the

meridional velocity the B; is calculated by equation (6):

_Q__Q
leP_Z_ (DZTr)Bg (6)

The value of B; obtained from here is too small and
cannot be used for the pump—turbine so it needs to be
modified because of the addition of guide vanes and
Other meridional shapes

stay vanes, for pump—

20

N,=30

N,=40 N,;=54
Fig. 2 General meridional shape for pump-turbine according to

pump specific speed ©”
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e
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IMPELLER
BLADE

Fig. 3 Blade angles at impeller exit

turbines at the design specific speed were also referred
to estimate the initial meridional shape as shown in
Fig. 2_(6’7) It was noted from comparing other pump-—
turbine meridional shapes that a pump—turbine of
similar size has almost twice the B, of a normal
centrifugal pump, Thereby,
increased by a factor of 2,00, 2,03, 2,13 and 2.19 for

further investigation, The initial design parameters

the calculated B, was

are presented in Table 2, where four cases of blade
exit width also known as guide vane height were
investigated,

The impeller vane discharge angle (3 is one of the
most important single design elements, An average
value of 22 5° is commonly used for all specific speeds,
The upper limit of [ may be raised to 27.5° without
affecting the efficiency appreciably, The lower limit of
(> consistent with good design is about 17_50_(3) Fig. 3
shows the blade angles at the impeller blade and guide
vane, The guide vane angle a is assumed to be 25° for
the initial design and using the velocity triangle the (%
can be calculated for both pump and turbine mode and
checked with the range explained earlier, The initial
is calculated as 21,7° using the pump flow rate and
26.9° using the turbine flow rate, The values are

within the range of normal centrifugal pump designs,.

=R M IHEE
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Fig. 4 Gradient of discharge variation to head variation of pumping

performance versus specific speed; meridional velocity at the
impeller exit of a Francis pumpfturbine(‘”

The blade angles has been kept constant for both

design methods,

2.2 Pump—turbine Design by Gradient of
Discharge Variation to Head Variation ‘gq/«’

A fundamental procedure for hydraulic design of
major dimensions of a Francis pump-—turbine can be
obtained from the method described by T. Kubota_w
However, detailed designs on the blade loadings are
not discussed, For this method, dimensions are
obtained through the relationship of several constants
to the specific speed of the pump mode, The method is
suitable for ng,=30~60 m-m’/s and corresponding
heads of 50~500 m,

Using the specific speed of the pump the
corresponding constants can be obtained from Fig, 4
and estimation of the impeller meridional shape can be
obtained from equations (7) to (10). The gradient of
discharge variation to head variation gg/m is the most
important factor that affects the overall size of the
pump—turbine, The purpose of studying this method is
to determine an appropriate factor of the gradient of
discharge variation to the head variation gg/m.

The peripheral speed ug at the impeller exit at best

efficiency point can be expressed by the following

equation:
0.5
[H_ 1 ]
Uy 9o/n
JH, \ 00765 @)

=KD IHEE =28 H203, M3, 2017

Table 2 Design parameter comparison for pump turbine design by

Ky and gam
Design b
Parameter | Design by K, En DY £on
PT-D5765 | PT-D5600 | PT-D5410

D; (m) 3.04 3.540 3.540 3.540
Dy (m) 552 5.765 5600 5410

Case 1: 064

Case 2: 0.65 - - -
Bg (m) Case 3 068 0.540 0.570 0.590

Case 4: 0.70

From Fig, 4, three possibilities of ggm (1.8, 1.5 and
1.3) can be selected at nyp=37 m—m’/s from the three
curves shown, After obtaining the peripheral speed the
diameter at the impeller exit, I» can then be found by

equation (8), which also gives three possibilities of Dy:

D2:7 * (8)

For the purpose of a rough estimation, the relation
of cmip/H"’ versus nsp is shown in Fig, 4. From this,

the width B; can be found by the following equation:

__Q
Bg a TrDZleP (9)

From equation (9) we get three values for width
according to the three diameters calculated earlier 5
as 0,54, 0,57 and 0,59 m, Finally, a rough estimation of

the impeller entrance diameter I} can be determined by:

-l

TCn1p

The initial design parameters are presented in Table
2, where three possible cases for initial design are
presented as PT-D5765, PT-D5600 and PT-D5410,
Considering the minimum and maximum size of the
pump—turbine, two cases are conducted in this study
to see which one performs best near the design
condition, PT-D5765 and PT-D5410 are selected for
further analysis, It is assumed that PT-D5600 would

perform in between the two ranges,
3. Numerical Method
The fluid domain of the pump—turbine geometry was
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Table 3 Boundary conditions

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

Turbulence model Shear stress transport (SST)

Grid interface connection General grid interface (GGI)

Interface model: frame change Frozen rotor

Wall condition No slip wall

modelled in 3D and numerical mesh was generated,

The analysis calculation was conducted using a
commercial software ANSYS CFX, ® Previously available
shape for guide vanes, stay vanes, draft tube and
casing for a Francis pump—turbine was used for the
full domain analysis, It consists of spiral casing, 20
stay vanes, 20 guide vanes and impeller with 6
blades,* ™

The general connection between 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 3,

The numerical mesh for all components except the
casing was constructed using hexahedral mesh, The
casings complex geometry makes it difficult to
generate hexahedral meshing in a short period of time,
therefore tetrahedral meshing has been adopted only
for the spiral casing, The full domain calculation
model is shown in Fig, 5 and refined hexahedral mesh

on a single impeller is shown in Fig, 6,

4. Results and Discussion

The results include the characteristics of flow rate,

head, power and hydraulic efficiency to give an

22

Fig. 5 Full domain calculation model

Fig.6 Fine numerical meshing of a single impeller

Table 4 Design conditions at best efficiency point

Mode Flow rate (m’/s) Head (m) Power (MW)
Pump 100 350 300
Turbine 115 340 300

estimated performance of the pump-—turbine, Fig, 7
and 8 compares the streamlines in cross—sections of
the casing, stay vanes and guide vanes for the best
results of the two methods: the first method by
discharge speed constant K, and the second method by
gradient of discharge variation to head variation gq/m.
It can be observed that in the pump mode for both
methods, recirculation flows continuously occur
starting from the guide vanes, This is a common
characteristic in pump mode because of the inclusion
of vanes, However, the turbine mode for both methods
show very smooth streamlines evenly distributed along
the casing, stay vanes and guide vanes, The
performance results for the two methods will be
compared to the design conditions at best efficiency

point, The design conditions are shown in Table 4,

S=FAD AR =28 203, M3%, 2017



Initial Hydraulic Design and Performance Analysis of 300 MW-Class Pump-turbine Model

N NN SR S
(c) Vanes in pump mode
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(d) Vanes in turbine mode

Fig. 7 Streamlines in pump and turbine mode by K,

4.1 Performance Characteristics by ‘K.’

The first method by discharge speed constant K,

produced four initial designs with different B;

dimensions, Among the four designs it can be seen
that Case 3 with B, of 0,68 m showed the best
performance in the modes

pump and turbine

considering the nearest comparison to the design

SEFHDIAEE =28 M202, Hi3s, 2017

(d) Vanes in turbine mode
Fig. 8 Streamlines in pump and turbine mode by gam

conditions, The results indicate that the design head
was not achieved in pump mode for all the cases, This
could be because of large recirculation flows in the
guide vanes, stay vanes and casing as seen in Fig, 7,
which would increase losses in these components,
Another reason for a lower head could be due to the
friction losses in the pipe. The turbine mode in

contrast to pump mode shows relatively good

23
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Fig. 9 Performance results by discharge speed constant K

Table 5 Performance results by B,

Flow rate | Head Power | Efficiency
Case | Mode | "oy | ) | W) | 0)
1 PM 100 303 348 88.05
T™M 120 340 351 85.45
9 PM 100 302 345 88.34
™ 120 340 354 86.88
3 PM 100 310 347 90.08
™ 115 340 327 85.79
4 PM 100 306 362 85.38
™ 115 340 337 8756

Table6 Performance results by gam

Case | Mode (:I:f: FloW rate| Head | Power | Efficiency

. (m*/s) (m) | (MW) (%)
opening

PT-D | PM Full 100 276 320 87.00
5410 | TM 144 341 413 86.25
PM Full 100 333 393 85.65
™ 155 341 460 89.07
PT-D | PM Medi 100 342 394 8747
5765 | T™M | O™ 133 | 341 | 383 | 8629
PM Small 100 330 378 8821
™ 108 339 290 80.61

comparison to the design conditions, but the efficiency
is relatively lower, A summary of the results are

shown in Fig, 9 and Table 5,

4.2 Performance Characteristics by ‘go/’

Table 6 and Fig, 10 summarizes the performance
characteristics by the different cases of ggmu. This
method by Kubota was studied in more detail in
contrast to the previous method (Stepanoff) because it
showed good comparison to the design conditions,

Among the two designs PT-D5410 and PT—-D5765 where

24
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Fig. 10 Performance results by gradient of discharge variation to
head variation gon for PT-D5765
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Fig. 11 Relationship of gan, By and Ds

gqomu=1.3 and 1,8 respectively, it was observed that
PT-D5765 showed a better performance in comparison
to the design conditions at full guide vane opening,
Therefore, PT-D5765 was investigated for other guide
vane openings and it was found that the pump mode
produced better performance at a smaller guide vane

opening in contrast to the turbine mode,

4.3 Relationship of By and ga/m

From the study it can be deduced that a higher value of
So/m gives considerably better results on performance,
Another factor that is affected by the selection of gg/mu
is the B;, The relationship of gradient of discharge
variation to head variation ggm, blade width B, and
diameter D, is plotted in Fig, 11, The ggu and B, are
inversely proportional to each other, A higher
selection of gg/m will result in a smaller B,, where as a
lower selection will result in a larger B,, Additionally,

it was observed that a lower ggmu results in a smaller

=R M IHEE
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head in pump mode and a lower efficiency in turbine
mode,

Comparing the size of B, from the two methods, a
large difference is observed, Initially, by the first
method an increasing factor was applied on the
calculated B, size, However, this factor seems to be
not well selected when comparing it to the second
method, The best performance by the method of K,
shows that a B; of 0,68 m is better, whereas the best
performance from the method of gqu was found at a
much lower B, This could mean that the size of B; has
a significant effect on the performance of the
pump—turbine, However, the impeller diameters for
the two methods do not show very large difference as
seen in Table 2.

Moreover, the current methods discussed in this
study is only for obtaining the initial design of the
impeller blade, To improve the overall performance,
the design of guide vane, stay vane and casing shapes
must also be improved, However, the latter is not part

of the scope of this study.

5. Conclusion

The study has presented two techniques in designing
a pump—turbine system from provided information of
head, flow rate and rotational speed. Comparing the
two methods of discharge speed constant K, and
gradient of discharge variation to head variation gq/m,
the second method of ggm is a good suggestion for
initial design dimensions of the pump—turbine impeller
blade, From the study of B, it can be concluded that it
gives significant effect to the overall performance,
Additionally, the first method of K, did not show much
improvement to the efficiency in turbine mode,
However, the study of ggmu presented improved results
in efficiency for both modes and also significant
improvement of the head in pump mode, The inversely
proportional relationship of ggum and B, was also
observed from the second method of ggm, which is an
important contribution providing a better understanding
to the designer when selecting a range for the size of
the impeller blade, For future studies, further
optimizations and much deeper study of the impeller
blade loading and improvement to other components—

such as guide vanes, stay vanes and casing—can see

=KD IHEE =28 H203, M3, 2017

additional improvement in efficiency of both modes,
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