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ABSTRACT

As variable renewable energy (VRE) has experienced rapid growth in recent years, its intermittent nature creates a significant
demand for effective energy storage solutions. There has been increasing interest in small- and medium-sized pumped-storage
hydropower stations with capacities under 100 MW. These systems are more environmentally friendly and are generally more
accepted by communities compared to traditional large-scale projects. This makes them both practical and cost-effective options
for storing variable energy.

This study focuses on developing an innovative design for a high-performance 1 MW-class pump-turbine system. This system
represents a significant initial step toward localizing the primary components of pumped-storage hydropower systems in Korea.
The design process utilizes a direct optimization technique based on a three-dimensional inverse design method and a
multi-objective genetic algorithm. The new system was optimized to enhance efficiency and mitigate cavitation, one of the
major undesirable phenomena in turbomachinery. The stability of the pump-turbine system structure was ensured through finite
element method (FEM) analysis, enabling it to withstand the severe operating conditions of the system.

Compared to the performance results of the baseline model (Design 1) based on three-dimensional inverse design method,
the newly developed pump-turbine system (Design 2) has significantly expanded its operational range in both turbine and pump
modes due to enhanced cavitation performance during partial and overload conditions. The newly developed 1 MW-class
pump-turbine system achieved over 80% efficiency even at partial loads exceeding 60%, with a maximum efficiency of 91.2%
in pump mode and 90.5% in turbine mode. Notably, energy savings are realized through reduced power consumption, thanks

to the remarkable performance improvements in pump mode.
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Table 1 Design specifications of 1 MW Pump—turbine System

Category Unit Spec
Max m 60.78
Net Head Rate m 56.28
Min m 49.11
Turbine
Max m3/s 2.20
Discharge Rate m3/s 2.20
Min m3/s 2.10
Max m 70.85
Net Head
Min m 60.62
Pump
Max m3/s 1.50
Discharge -
Min m3/s 1.10
Max MW 1.15
Generator Output Rate MW 1.07
Min MW 0.89
Max MW 1.00
Pump Input -
Min MW 0.86
Rated speed / Turbine rpm 720
Pump-Turbine Draft Height m 2.07
Pump-Turbine Center Height EL.m 104.00
Runaway speed rpm 1089.74
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Stage Composition : Spirdl casing -> StayVanes -> Guide Vanes-> Runner ~ Flow Path

Overall Efficiency T-T 0.964902

Overall Efficiency T-S 0.963911

Design Point [m~3/s] 2.2 \

Power Sgeclflc Speed [§] 0.982124 \

Specific Speed [l 5.44261 \
|

vt at Sclral casing Outlet 11 0.296376 |

PVt a [#] 0.296376 |

Ve at SV TE 0.320479 ! ]

V" at GV LE H 0.320479

rVt* at GV TE (] 0.457065

rVt* at Runner LE [[] D 457065

rVt* at Runner TE 1

Runner Qutlet Hub Diameter mm; 270 ) :

Runner Outlet Shroud Diameter mm; 888.149

Runner Ref. Diameter [mm] 921.758

Runner Ref. Velocity 'm/s] 34.7495

Runner Inlet Width mm 138.996

GV LE Diameter [mm] 1149.33 A

GV TE Diameter mm, 1040.13 \ -7

SV LE Diameter mm 1448.15 \ f

SV TE Diameter [mm] 1206.79

Spiral casing Outlet Diameter mm]| 1477.12 ——

Spiral casing Max. Diameter mm 995.3

| Requested | True ——
| Power | [w] | 1.21179e+06 | 1.19026e+0.6

(a) Turbine mode(rated)

Stage Composition: Blade -» Spiral casing -> drafttube  Flow Path

Overal Efficiency 1 0.908405 - -
Deslgn Point [m*3/s] 1.1
Specific Speed [l 3.23819
rVt* at Blade TE [1 0.503634
Blade Inlet Hub Diameter [mm] 270
Blade Inlet Shroud Diameter [mm] 613.092
Blade Qutlet Midspan Diameter mm| 1033.72 -
Blade Outler Widtl mm| 87.8062
Spiral casing Inlet Diameter [mm]
1095.
Spiral casing Max. Diameter [mm] |
1668.61
| Requested | Obtaine |
|
[[ m*3/s] | 11 L1 T
Mass kg/s] | 1097.800 | 1097.800 | |
| Requested | ToProvide | )
Head [mm] 70850.000 | 77204.277 |
Power W] | 762752.705 |839661.166|

(b) Pump mode(Low flow)

Flow Path
Stage Composition :  Blade -» Spiral casing -> draft tube B
Overal Efficienc 3] 0.90964
Design Point [m”3/s] 1.5
Specific Speed [ 4.25055
Vt* at Blade TE [l 0.469883

Blade Inlet Hub Diameter [mm] 270
Blade Inlet Shroud Diameter [mm 671.084
Blade Qutlet Midspan Diameter 989.254
Blade Outler Widt E 121.415 —
Spiral casing Inlet Diameter [mm] 1048.61
Spiral casing Max. Diameter [mm] 1778.19
| Requested | Obtaine |
Vol. [m*3/5] I i
Mass ' Tkg/s] | 1497, ooo | 1497, ooo | I
| Requested | ToProvide |
| Head | [mm] | 60620.000 | 66168.758 -
Power 889935.247 | 978337.682
(¢) Pump mode(High flow)
Fig. 3 Results of Meanline analysis
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Table 2 Design specifications of 1 MW Pump—turbine

Mode Number Remarks

Turbine mode blade 11 8

Pump mode blade 6 (optimized value)

Stay & GV vanee 21 Only turbine mode
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Fig. 6 Baseline design of pump—turbine system
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Table 3 Performance results of Designl

Turbine mode CFD @ rated point

Net Head GV rotation Flowrate Power Runner Stage efficiency | DT head | Stator head loss
angle efficiency with DT loss loss (SCHSV+GV)
m degrees m /s MW [%] [%] m m
Designl 56.28 +1.15 2.203 1.17 95.14 91.8 0.763 1.135
Pump mode CFD
GV rotation Flow rate Stage head Runner Stage efficiency Power DT head | Stator head loss
angle with DT loss | efficiency with DT loss loss (SC+SV+GV)
degrees m’ /s m [%] [%] MW m m
Designl -3 1.5 59.6 92.66 82.64 1.058 1.26 5.96
Table 4 Input parameters of runner design
Streamwise blade loading
No. Name Lower bound Value Upper bound Units Remarks
1 NC Shroud 0.1 0.54 0.6 - Shroud control pointl location
2 NC Hub 0.1 0.212 0.5 - Shroud control pointl location
3 ND Hub 0.6 0.886897 0.95 - Hub control point2 location
4 ND Shroud 0.6 0.8648 0.95 - Hub control point2 location
5 LE Loading Hub -04 -0.134459 0 - Hub leading edge
6 LE Loading Shroud -0.7 -0.44714 0 - Shroud leading edge
7 Slope Hub -2.5 -1.729984 0.5 - Slope at hub
8 Slope Shroud -1.5 -0.526999 0 - Slope at shroud
Runner meridional flow path coordinates
9 M4_TE HUB -0.2 -0.14038 -0.07 - Controls TE axial location
10 M4 _TE_Shroud 0 0.04701 0.1 - at hub and shroud
11 M4 LE HUB_COOR 486 490 494 mm )
12 M4 LE_DISPLACEMENTS [0] 0 3.767851 4 mm C"mm;jiﬂ?‘?;‘:nat hub
13 M4 LE DISPLACEMENTS [1] 0 3.770591 4 mm
14 M4 SECTION WIDTHS [2] 165 173.58241 180 mm Controls width at location 2
15 M4_REF_XPOINTS _[4] 280 300 325 mm Controls TE axial location
16 M4_SECTION_WIDTHS _[6] 180 201 220 mm Controls outlet shroud diameter
Controls the lean angle of the blade
17 Wrap angle[Shroud] -5 0 5 degrees -
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Table 5 MOGA Parameters

MOGA Non-dominated sorting genetic algorithm I Number
Population size 50
Number of generation 50
Crossover probability 0.9
Mutation probability 0.0899
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1HES IMWE BZ eXb ALH> JHY
Table 6 The grid number of the computational domains Table 7 Boundary conditions for CFD
Component Grid number(millions) Turbine mode CFD
Spiral casing 25 Operation Point | Net head(m) Inlet total Outlet static
Stay vane 0.45 pressure pressure
Guide vane 0.55 max head 60.78 Outlet pressure | -\ 143 686m
+ 62.85m
Runner blade 0.75
1
Draft tube 20 rated point 56.28 O“iets TSI | tatm3.686m
Total 6.0
min head 911 Outlet pressure | )/ 11.786m
+ 59.28m
Turbine mode inlet : Total pressure Pump mode CFD
Pump mode outlet : Mass flow rate Operating Point Flow rate Inlet total Outlet mass flow
e (m® /s) pressure rate(Kg/s)
latm +
*
max flow 1.5 11.686m 1.5%997
min flow 1.1 latm + 3.686m 1.1¥997
(volume of fluid)¥ I} HE9] A% B1|E BAE 4= Q)=
2|9 2] -ZaAl(Rayleigh—Plesset) HH& AR&SFITHT
25 A= 267 ¢ & S712 SISt Fig, 180 A A
Turbine mode outlet : Static pressure L tlol B dlg]o g 3|#] Z7] & i
Pump mode inlet : Total pressure Blade row= o % A 31- 7] s (rotational
periodicity option)g ARSI
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Table 8 Performance comparison of Designi and Design2

Pump mode CFD
GV rotation Flow rate Stage head Runner | Stage efficiency Power DT head | Stator head loss
angle with DT loss efficiency | with DT loss loss (SC+SV+GV)
degrees m /s m [%] [%] MW m m
Designl -3 1.5 59.6 92.66 82.64 1.058 1.26 5.96
Design2 -3 1.5 62.2 93.88 91.56 0.961 0.06 3.12
Turbine mode CFD @ rated point
Nt | Ve | o | e[S e |07 S
m degrees m’® /s MW [%] [%] m m
Designl 56.28 +1.15 2.203 1.17 95.14 91.8 0.763 1.135
Design2 56.28 +4.7 2.219 1.10 94.65 91.45 0.77 1.165
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