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A Study on the Design of High Efficiency Francis
Turbine for Small Hydro Power

Seon Ho Lee

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

The principle of small hydropower is no different from that of
hydroelectric power generation. However, large-scale hydroelectric power
has a negative impact on the environment, while small power generation
has a peak that can be installed in local conditions and environmentally
friendly development is possible. Domestic small hydropower generation has
been installed in more than 44 regions since 1982 with government support,
and the annual power generation amount is about 157,510 MWh. Until now,
domestic small hydropower development has been dependent on overseas
aeration production technology like 4 rivers hydroelectric power plant, and
localization of water turbine production technology has been made.
However, there has been a shortage in the increase of the aberration
efficiency by concentrating only on the improvement of the capacity
increasing technology. Recently, the development of the small hydroelectric

power has been activated and the hydraulic power plant using the domestic

- viii -

Collection @ kmou



aberration has been increasing, and the efficiency has been improved to 80
%.

China’s largest share of the world’s hydropower market share is due to
its overwhelming domestic yield, so the strengths of the traditional strong

players Alstom, Andritz and VOITH are still continuing.

European leading companies are expected to learn not only the
non-speed runner blade profiles, but also know-how about the design of
detailed parts such as cones, casings and draft tubes, but these parts are

difficult to quantify, There is very little exposure to technology security.

In this study, we propose a standard process to follow the procedure
when designing to improve the aberration efficiency and confirm that the
optimal aberration efficiency parameter can be determined by localizing the
detailed shape determination affecting the efficiency. And the validity of
the localization design technology was verified by comparing the results
obtained by the theoretical formula with the errors of the CFD model
obtained after the design.

KEY WORDS: Small hydro power A< ¥; Francis hydro turbine Z A2 F3};
Design A 7|; High efficiency 118 &;
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Nomenclature

B Bucket width [m]
g Gravitational acceleration [m/s?]
H Head [m]
N Rotational speed [rpm]
N, Specific speed (-]
P, Hydraulic power (kW1
| Shaft power (kW]
Flow rate [m?/s]
Re Reynolds number [-]
T Torque [Nm]
s Needle stroke [m]
o Guide vane angle [°]
6 Runner blade angle [°]
n Efficiency [%]
m, Hydraulic efficiency [%]
n, Volume efficiency [%]
AL Length scale ratio (-]
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Fig. 1 Small Hydro Power System

Table 1 Types and characteristics of turbines

=] AN xLOo = =
T A TR
S5 5R} H.E (Pelton), &1(Turgo), @AW 7 (Ossberger)
I ZA| AL XHFrancis)
ShE A} momey A 7tZ¢(Kaplan), F&2{(Tubular),
— = Sl B EERE a1 .
H H (Bulb), ¥(Rim)
Table 2 Small hydro power classification
+ & =
Micro hydropower, 100kWO] gt
Au]8=F | Mini hydropower, 100~1,000kW
Small hydropower 1,000~10,000kW
AYRHLow head) 2~20m
IR} ZURHMedium head) 20~150m
1IRHHigh head) 150mo]
22 Al(run-of-river type) AAE S8 SERAY
DAY | EAl(Storage type) BAPE AfaL /o] 2 AA
Ef'2Al(Tunnel type) FEI7E QUI7HL) A1
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2= Z@A 2(Francis), 7FZ@H(Kaplan), FE(Pelton) 5 thekdr 79
278 AL, =9 GAket FEFel el Hao a&eA FAsd 7 e Y
ATH 428 ZIA 2 Faks o] FAARE 53] G HAE Y §80] Eo}

3

ol A 7HE ®ol AAste] AR Foltt.

Table 3 Type of hydro turbine by head

e AR 250mo] 4}, e 2z}
Rl . :
af Al g = A 35~250m, ZRFA|A SR}

Ki Lﬂ} i} 35m0]6}, 7}2%' EE-‘_%E‘], HE—]E%\_;—Q} %

b

FhEa mewe

7F2 Eo] EjHIo g Eoj7FA EW ol AU RUNNER)ZS 3] A A 7] HA
ET(draft tube)E Ay W{ FEZ LHESH= 249

E ‘i‘l(reactlon turbine)el 2} star, T@A|A EHIE of7|o] &3t

=

ZHA 2= HRZ fEFo]l Soll vs) dF BFe = f(radial flow)sts Hu
= T WIEE 249 Folt. 8 FAH8LAE 1A WA

ol &zt ¥(runner), dUE =< FHsh= Aol d(casing), FrEFS =43}
TS AT HlEske HFAIol Elwicket gate), ¥ Bte=®
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Table 4 Specific speed range for each type of turbine

SR FA Ns (m ©%)

single nozzle 10 ~ 25

e A}

double nozzle 20 ~ 40

SEErA 60 ~ 100

FSEAPN S 100 ~ 200

SRS

EIA= oA 200 ~ 350

L&A} 350 ~ 450

zm 2]k} 400 ~ 700
7HEdpAL 450 ~ 1000
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10,000kW
1,000kW 5,000kW N s Kaplan — Propeller— Bulb

Pelton ; s Erancis

- Pelton

-/ w1 = Turgo
j Turgo Crossflow
! 100K
~
= ) D, TOAPR - o ——
50kM¥
20
Net head
(m) 10kW
Crossflow Boplan
3
0 A\ AT ."1[.)_ / 50 100

Flow(m/s)

Fig. 5 Selecting turbine type by head and flow rate
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Fig. 6 Selecting turbine type by head and power
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Table 5 List of standards related to small hydropower generation

control system

AZxds Title
KS C IEC 61116:2006 259N Hu)g 7|77 gyl XA
KS C IEC 60308:2006 23 EYl-FojA| ARIO] AH
KS C IEC 61362:2006 22 BRIl AlojA| AR/ 1A AlRF XA
KS C IEC 62270:2006 28 W™ A AFES-AEE 7)HE Ao XA
Hydraulic turbines -Testing of control
[EC 60308
systems
Guide to specification of hydraulic governing
IEC 61362
systems
Hydroelectric power plant automation - Guide
IEC 62270
for computer-based control
Hydraulic turbines, storage pumps and
[EC 60193 Y , 8¢ pump
pump-turbines - Model acceptance tests
Hydraulic machines - Acceptance tests of
[EC 62006 L .
small hydroelectric installations
Guidelines for small S ) .
Guidelies for selection of control SHP stations
hydro development
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Fig. 11 Power system configuration diagram

_14_

Collection @ kmou



Bl a

Fig. 12 Monitoring control system configuration diagram
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Table 6 Functional classification in control system specification standard of
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IEC 61362
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1

1.1 4 T A of

1.2 ‘ ]

o1 Z3A|o] 2/3-5/7N8 Ao
i tas

152 R CEEER L.

133 7B

1.3.4 A B ZA M 27
1.3.5 tt5A o]

11441 292 9 gAY A2 oA
1.4.2 PID AJo]7] 578 oj7feis
1.43 | & Ao 71EF U7l ¥4

1.4.4 7= ME ZRMY 1o 7]5A HA
1.4.5 AR Az 574

1.4.6 a5 Ao

1.4.7 A3t
1.4.8 AoZA s & 4 A4 Alof
1.4.9 284 2| A5} Ao
1.4.10 A=7] BE ZAAMY
1.4.11 A oA Zg(o]F=elolE)
1.4.12 RXIA o] A|A' A7]55
1.4.13 A Ko]
1.4.14 H R /8 2
1.4.15 Z71/d4]
1.4.16 2&7] 744 84 &4 AP
1.4.17 RRF7] A
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Table 7 Functional classification in [EC 60308 control system test standard

WBS Levl Lev?2 =1 1A
1.1 AR = LA o], A=A, 7H=A|f
) 2 Aof, ARI(FHE) Ao,
AoJA| AR 2A ‘ s
1.2 AI2Rt 2= SFAl0], 2™t Aloj(AE|o]d
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SES S [e)2=E]ya yAR=%)
) J1E} Aol Al AEITH Ask ] l(surzf;,e) o], Ad=A0f, 7152
=718, Aokt BapRp
R71-94 2 "A7]-71A Heto],
L] 2= 1 I
. AOIAAE] AEUE Aojwiy Mumg, daod 33
L= USRS PA RS B S A RS P
AAHO Ozt BEx AY
A Arhe, FEW3,
4 ohxI 7] % AR AnE Asee,
A = (interlock), 2] Z(creep)d&
5 HES A, 71324
6 RAL7] A 3Hd RA7| A3tg, Asl S
7.1 QHAAIR], W7 §Yl Al2A,
79 A AojA|AE FESFEA, Alol7] 44,
' gk Alol7] uteto]H
= ZA3F WA ZAsF Al
73 e O] Al ol Z2sh ®A], A AlE,
71E AojA A WA 9 pEjoR
8.1 Mo 518 SHAR], WsE, 53U
8.2 o DA 7HA]
e 5o}
O mammn | el oA
oT2AA
8.4 QIEjmo] A AJAEN
}\]84
9.1 _
57 H7)-9 e
9.3 K71-71A4] Hg7]
29A
9.4 | WY, 527 R71-71A/ 6%
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A% Aoy, ANE o, AuoE
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9.7 ol 3t
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Table 8 A part of the standard function of a dam(juam) in operation
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Fig. 13 Top level of control System

configuration
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Fig. 14 Hierarchical control functional diagram
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Fig. 15 Plant control functional diagram
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7
=7t BEHS Title
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Standards / Manuals / Guidelines for Small
INDIA N/A
Hydro Development
Standards / Manuals / Guidelines for Small
INDIA N/A
Hydro Development
) KS C IEC ,
stz An2iard dulg F7171A] ] 714
61116
KS C IEC
3l 22 Ejul-Rlof A A8le] A3
= 60308 3 HEI-Ao]A| ARIO] A]
;}j} KS CIEC A2 F;]H] ;:1]01”/\131 1?{.7:] }\]\:ﬂ- 7(]7‘<1
KS C IEC
3t 2 XA AFEs-AZE 7|8 & SRS
= 62270 >3 g ts2h-ZARE 719 Alo] |
Hydraulic turbines -Testing of control
[EC [EC 60308
systems
Guide to specification of hydraulic
IEC IEC 61362 )
governing systems
Hydroelectric power plant automation -
IEC IEC 62270 .
Guide for computer-based control
Hydraulic turbines, storage pumps and
IEC I[EC 60193 )
pump-turbines - Model acceptance tests
Hydraulic machines - Acceptance tests of
[EC I[EC 62006 o ]
small hydroelectric installations
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Fig. 18 Sectional view of the turbine
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Table 13 Some representative papers related to turbine design
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Fig. 23 Hydraulic power system installation structure layout chart
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Fig. 24 Determination of turbine design point
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Fig. 25 Model confirmation process

41233 & A4 2 BaA ZFA

£ % =538 %,%0] ety §3E RPMojy &8-S I 4oz A)5sto]

o 7ol we Eﬁagi 289 & ok

_37_

Collection @ kmou



4+ A E BT A
LHAD: ddeey
AP AL HF-1RS
3 SEYA= 4.2 m I AtEF 2= 1.21 m%s
= & 3 AFgEnes= BEO kW EE&E= 900 min
= |
s
= 2t (%] w0 90 ] 80 70 | 6O 50 | 40
5 2 is]1a 102 004 066 1.21
=7 EE [%] | 90.5 05.7 79.1 B7.4 90.5
£xbE™ kW] | 658 527 385 260 B59
100
T - i
7 o
o =T
o 80
= -
70
G0 H 800
14 700
Esz 800 -
4 GO0 hin
i
{ 400
F
200
1 200
{ 100
0
O 10 20 30 40 50 60 70 BO S0 100
A2 [%]
Fig. 26 Create turbine efficiency curve
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Fig. 27 Installation and operation environment calculation
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Fig. 28 Runner design flow chart
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Fig. 29 1 pitch domain CFD analysis
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4 Numerical method

— Components No. of Elements
nief
Inlet 2.3x10°
Stay vane 2.9x10°
Guide vane 2.5%10°
Tunner vane 1.6x10°
¥ < Interface: Stage” S outlet 2:8x10°
Same with "mixing plane” in Fluent
Remark
DI Inlet mass flow rate Same with SV inlet angle
Outlet Static pressure 0
Turbulence model 88T
PetiadicBotindary Rma’imnzpemdlt'_ i

Fig. 30 Numerical method CFD analysis
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Fig. 33 Blade loading and stream lines
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Table 14 Minimum size for model size and test parameters

71A19] 58
of 7] 4~ AR 8 PARS| =3 A=A
(Francis) | (&23-5& (Kaplan) (Pelton)
do]=E &~ Re (-) 4 x 106 4 x 106 4 x 106 2 x 106
19 (BAY)
100 50 0 (39 2) 500
ol x(J.kg-1) (9] 1) B
0,25(note
71& A7AED (m) ?()) 0,30 0,30 | --———---
71(Bucket) 4H] B
#Zl(Bucket) v} B | 0.08
(m)
29
1 me}@E(Froude) fAMd &0 WRdste], 7ju|Ho]ld AlES st AlE &
AR 4 oUxl= ZAQ Re £7F FolAl EG ¢ Yo s deig|ojof gt
=
2 Emin = 20 J.kg-1(D7} 0,4 m o]Atdd)
3 @2 H|&Z(specific speed)E 7}l HZef HI-gj¥io] H, 2F Al70]
0.5m ©]40]#H0.20 m < D< 0.25 m 59| 7|F A7Fo] 5]&d 4+ ot}

42 47734 po] oA

421 3 m2e3 4773

A AAE W AARe] FolAL Uw, A% WA &8 ol PHE
Aslop Bk 44 £&E A@ o3 TAAL AU FAELL Al
o o] ¥AS Tsi=d, ol HO9E AHEIH

n 77h><77v><77m (8)

n '{r_i]'»?'—%, un E‘]];]E-%, . lT;}S'—E‘%’ M %1‘:’]—%‘?‘%

Hy, = H, Xy, ©))

H,, o1& d&, m, : AA Fa49a, g, @ AUES
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(0,080 — Uyv500801, ) (10)

Aol met E&2 dATE AAstuA & W EFolA = A RE o

2792
1,7 Din n
Hy, = —( — £

g 3600  60Btans, ) 1D

g FENEE, D AFA B UTE, 5, WT 0 HAEE

A7NA WA, YTE, Urzhel 3 M Age] weh Egol kAR, A
A7 Fotua shed 2 olgee AR MEelth AN BEW YT
F ool Ml 50-80° Abel® @A} AXEE Zlo] E&H el

of ROIME Al JHA Wae] BAS Telstel nE AW F shiel @

2 delsin, CFDE 5@ Ad A%E vaste] 284 442 dAsnA 8
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Fig. 34 Example of inlet diameter
design drawing
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Redesigned

Prototype

Fig. 35 Shape of turbine blade after changing inlet

diameter

Table 15 Change design value according to change of inlet diameter

Prototype Redesigned
1) 0.825 0.75
D, [mml] 350 310
D, [mm] 250 250
Inlet 5 [°] 55.93 60
by 18 18
Outlet
. By 23.27 23.27
g1
By 28.29 28.29
- 49 -
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Table 16 Ability to perform each test and additional equipment and

adjustments required for performance

NEEF THsof 5 W &
TSN 0 ANEET AR Holmw A 28da
el 4 A 0 AEHE AHolng Ad zgda
21229 0 N7 AdHolmnz A =&F 8
ek 0 NP7 AdHolme Ad xeEe
smeay N AR (Frdwlol® B2, 2B AolA
AAES) 7 e
FREEAY X BRAA 2AE
e AT 0 NP7 AdHolme Ad 24Ee
diss X Ztolewdl BE,FE wE 5

Table 17 Prepare materials for reviewing the equipment and

determining the range of performance tests

e

] ..u:\ o T Y T4

TOTAL HEAD fmj

[T
s

1,500 I.000 2,300
CAPACITY fm? / h )

4Y P HF G A

FE rEe ANY BB Y AW = 4
S Ul e AsAPol o) Fold %

8

AA BAEA Auel A Hzel Aede EAV glou srewas s
=] 7
|

J

Al mE AHEES AT Bar) e AR ZAFHSeH, B SH4 9
75 8 tolgRrE oEste uiyh 27] vl 8 toluyRvE g A
o] Wlo] AE WE st Fulgw st
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BeAlde W8] fAste] 74 4R A 92 2 wol, AF717] 2A,

Mok 3 zke] ET A Wi Fol U@ mEld AWM SRS

St Hanger s a0 D

mure Tank

=l N P LN B o B

Fig. 36 Performance test facility installation
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Table 18 Major equipments

=
- FAEF L FIA DAL Astel f5e
582 WA Astel B8

IWHR, EPRI & =r9] 7]&olA AL F
[WHR An8] oA

* A
IEC Rl #3t= dAd v 2as
A IAHE FEA AA

IWHR 42 1] o] A]

NI PXle-1062Q 1
NI PXle-6363 1
SCB-68A 1

NI PXI-6515 1

SCB-100 1
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53 AAl A+ AA B A, HFEH2E

A 2FHANE BASAE AASte] BAHAES Sa A4 FAE A
Astel Asshe 2 A %A Gk agstel 44 £9FA =¥ =
Ak 9

9 AR, AAAA S R E ANE B8S 9T A AR
R

S AEIZ AA HAAZS Q3 Faio] HAAYS Tablel9$}
H, Fig 397} #o| == AA AT

gd ('J Case
r o8p, r %84 T 99, 1712 oRarT g
" [ ﬂ 9 0 F“ il i 2 DRAFT TUBE_ Ot % 500mm &
| L i o I _ i 5 DRAFT TUBE 0{#% S00mm HEHof 34icd
B S fasm 43|

4 2 4 DRAFT TUBE_0}# % 1000mm 2Et
_ u,‘ . c-t) d *’ﬁ’ ¢ DRAFT TUBE 01 1000mm 222004 39
P » 0 r ¥ I ﬁﬂ q UL
n AN k > & DR TAE 02 500w 1
i i I —— A --

Draft Tube W7o W W& F5)4 s z=d

Fig. 38 Analysis of actual turbine draft tube flow
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Table 19 New turbine specification

H &5 AAFF | AAGR | dA&EE | FAEE | FHEY EEIER
(m-kW) (m*/sec) (m) (rpm) (%) (kW) (mm)
Ns130 1.21 64.2 914 90 685 460

Fig. 39 Lay-out design of new turbine
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At

n=m, X1, X0, (12)
0.985x0.98

T 09 0.932

n o FAEE, g, AUEE, g, 0 THES, 4, AWVREE
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EAF ¢=0758 F2 AAHAAY FEE AFES
A A 149 S &5
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D, = 60X /2gH, —5 = 60 V/2< 9.8 % 59.83 —g1q — 0-5368m
(14)
NI m, 9 YTA DE ol g} W TS YT AEa,
1
H,, = g( — Uy u2> (15)
1 N|[mDN Q
N E 7rDlB tan(
1 1.21
- 9_( 569 = 5368 < 0. 095 X tan/3 = 9983
tanB = 2.6757
B=1695"
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= = = 11. 17
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. ot zt=el Wspl HEAolA &) Wi Ss@He) Ars Tl
ANHE ShERe A4 Falok Hi.
2+ 2 2
SRR LALEE \/0.23 +20.1184 oF T 18

D, N  7x0.365x 914
¢ 60 60

£
I
|

= 17.52m/s (19)

o A HdART 1Pitch A=
A

- =
3 B&e AES 7 RRo| fEAHS NS,

_59_

Collection @ kmou



kot
41
e
55
* Hd

3
Lo¥]
Wi

L
e
Cose Al CaseAl Casedd Casedd Casedd

Fig. 40 Results of internal flow analysis

Cases B, [mm] s
Case C1 ind
[nitial] | 7 b

as shown s
Case C2 infigure o

Cases Flow passage

Case D1 | SV, GV, RV outlet
[initial]
CaseD2 | Only RV Case DI

Case D2

Fig. 42 Effect of guide vane and stay vane
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= T =
Cases | zr n":: “:: =
CaseE1 | 13 F’:’ !Tfj pé % 3
Case £2 | 14 [Initial] | e N = | -
Cr-m .'I o R :h-'w“m =g "“_-._
Case 3 | 15 < = N -] g
CaseF4 | 16 Case El Case E2 Case E3 Case B4
Fig. 43 Effect of number of blades
0.5 -
0.45 (mm)
O GV46{110%)
041 & GV42(100%)
o 035 ® GV38(90%)
o
A GV34(80%)
0.3 + -
| GV30({70%)
0.25
* GV26(60%)
0.2 1 : . ‘ _
50 55 B0 65 70 75 80 85

The maximum stress:230 Mpa

Fig. 45 Result of runner strength analysis
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¢l 1IDAA} CFDARE o] &3td AHE#T 1.21nt/s, Fa93t 64.2m, 84
%% 9ldrpme] FAAA 9 A% AHSAT

Fig. 46 Existing turbine and new turbine

AR e A, AL AR AERA AFrAe SRS A
NStk BEEHe Azdle] F80 Het AARIAE AET FFEHL
AASET, AN FEE FHske b Azde FHELL T

sgom, By 8 Agtel £HEES THA.

TAEE%) = THEE%) | TA7|EE%) (16)

o

£

Fig. 47 Small hydro power efficiency test of proof point
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NP F 43 AAEA

o] BE&37HE st
78.0%
76.0% * ZIZsH
74.0%
""Q“ 72.0%
ol 70.0%
}g 68.0%
Ko e6.0%
64.0%
62.0%
60.0%
200.0 250.0 300.0 350.0 400.0 450.0 500.0 550.0 600.0 650.0
== (kw)
Fig. 48 Existing small hydro power efficiency test result
Table 20 Existing small hydro power efficiency test result data
=9 e Sk THEE HH7as TAEE
kW) (m¥/s) (m) (%) (%) (%)
302.6 0.694 66.14 67.2 96 70.0
361.4 0.806 66.13 69.2 96 72.1
401.9 0.861 66.13 72.0 96 75.0
442.1 0.906 66.13 75.3 96 78.5
445.8 0.917 66.04 75.1 96 78.3
485.7 1.000 66.13 74.9 96 78.1
502.6 1.047 66.13 74.1 96 77.1
535.5 1.111 66.12 74.4 96 77.5
544.2 1.111 66.12 75.6 96 78.7
579.9 1.214 66.11 73.7 96 76.8
581.9 1.214 66.11 74.0 96 77.1
592.3 1.228 66.11 74.5 96 77.6
594.3 1.264 66.11 72.6 96 75.6
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Fig. 49 New small hydro power efficiency test result

Table 21 New small hydro power efficiency test result data

== GV = g bkl THEE | TV EE | FREE
(kW) (%) (m3/s) (m) (%) (%) (%)
293 45.0 0.581 68.61 75.1 95.69 78.45
343 51.0 0.644 68.51 79.3 96.04 82.54
388 96.0 0.725 68.39 79.9 96.06 83.13
425 61.0 0.778 68.29 81.7 96.08 84.99
463 65.0 0.833 68.16 83.2 96.10 86.56
907 70.0 0.903 68.01 84.3 96.06 87.71
539 74.0 0.947 67.87 85.6 95.98 89.14
983 80.0 1.019 67.70 86.2 95.87 89.91
621 87.0 1.092 67.69 85.7 95.77 89.53
643 91.0 1.128 67.94 86.1 95.72 90.00
654 93.0 1.150 67.54 85.9 95.68 89.80
599 82.0 1.056 67.70 85.5 95.83 89.25
559 76.0 0.964 67.87 87.2 95.93 90.89
519 71.0 0.917 68.00 85.0 96.03 88.47
477 66.0 0.833 68.15 85.7 96.10 89.18
441 62.0 0.792 68.29 83.2 96.09 86.63
394 56.0 0.731 68.39 80.5 96.06 83.77
357 52.0 0.694 68.50 76.6 96.05 79.73
321 48.0 0.619 68.50 717.2 95.99 80.42
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