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Nomenclature

D, : Diameter of runner inlet (m]
D, . Diameter of runner outlet [m]
H : Head [m]
H, . Effective head [m]
H,, : Euler’ s head [m]
N : Rotational speed [rpm]
N,,(n) : Unit rotational speed (N,, = N/ VH) (-]
n, . Specific speed [m-kW]
P . Pressure [kgf/cm?]
Q . Flow rate [m?/s]
Qu(¢) : Unit flow rate (Q, = Q/VH) [-]
T, : Torque of runner (N - m]
Uy . Peripheral velocity in inlet side [m/s]
Uy . Peripheral velocity in outlet side [m/s]
v, . Absolute velocity in inlet side [m/s]
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¢

: Absolute velocity in outlet side
: Outflow angle in guide vane

: Outflow angle in runner

: Runner blade inlet angle

: Runner blade outlet angle

: Hydraulic efficiency

: Peripheral velocity

. Stress

: Loss of head

: Loss of head coefficient
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A Study of Direct Design Method and Application of the

Small Hydro Francis Turbine for Performance Improvement

Yeong-Cheol Hwang

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

In order to strengthen the national competitiveness of natural disasters such
as earthquakes and typhoons, which are frequently occurring at home and
abroad, energy independence and the acquisition of clean energy using new
and renewable energy Interest is growing.

Especially in Korea, due to the saturation of the hydro energy market,
entry of foreign competitors into the market, lack of fundamental technology
related to hydro power and lack of professional technical personnel,
technology is becoming more and more important.

In this study, we propose a new design process that combines the
fundamental design technology and the latest design technology for the francis
turbine, which is widely used in the hydropower market, and confirm its
feasibility.

The design theories that were applied to the francis turbine was
reestablished for small hydropower generation, and design by applying 1 pitch

analysis method of the stay vanes, guide vane, runner was confirmed possible

_iX_
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by using ANSYS BladeGen and CFD.

Especially, in the flow analysis performed based on the design data, the
efficiency of the francis turbine measured by considering the loss of leakage
was 90.62%.

Based on the results of the flow analysis, was measured at 88.9% under the
73kW turbine output design condition. Therefore, it was confirmed that the
design of the francis turbine was performed very well as a result of the
analysis of the turbine through the analysis and the experiment.

In order to apply the direct design method, the height of inlet, design
flow-rate, and theoretical drift for the blade inlet and outlet velocity triangles
based on the theoretical head calculation, we can easily determine the shape
of the runner blade and determine the adoption of the selected shape through
the flow analysis to the extent that the outflow angle of the runner satisfies
90 degrees. This method can confirm the result in a very short time
compared with the existing design method, and confirms the same result as
full domain analysis in an error range of less than 2%.

The results show that the leakage loss of inside of the francis turbine is
mainly occupied by the leakage loss in runner inside and can be expected to
improve the efficiency of the turbine by reducing the leakage loss.

In particular, according to the results of the loss distribution analysis, it was
confirmed that the efficiency of the turbine can be improved most remarkably
when the performance of the runner, the guide vane and the draft tube is
improved. In this study, it is confirmed that the efficiency loss due to leakage
loss reaches 1.66%, and the efficiency is more than 90% because the loss is
decreased when the output and flow rate increase.

Therefore, it is possible to supply high performance turbine when the

improvement method of the turbine is applied through the loss analysis in the
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design stage. And when the direct design method is applied, the high
efficiency francis turbine can be supplied in market with a short time
delivery.

In addition, it is expected that the high efficiency francis turbine can be
applied to the low specific speed range of less than 70 (lower than Ns70) and
the high specific speed range of which the speed is higher than 300. The
efficiency of francis turbine will be increase and it will be able to secure

various economic benefits by expanding the scope of application.
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Fig. 1.1 Shape of Francis turbine
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Fig. 1.2 Status of Francis turbine installation in domestic market
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Fig. 1.3 Annual hydro power energy supply in Korea (2016. Korea
Energy Economics Institute - http://www.kesis.net)
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Fig. 1.4 Status of small hydro power in Korea (2016. EPSIS : Electric Power
Statistics Information System - https://epsis.kpx.or.kr)
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Fig. 2.1 Types of hydro turbine according to specific speed
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Fig. 2.2 Francis turbine casing

Fig. 2.3 Francis turbine guide vane
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Fig. 2.5 Francis turbine draft tube
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Fig. 2.7 Guide ring & Servo motor
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L Shroud side

Fig. 2.8 Meridional shape of runner
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Inlet side

Fig. 2.9 Section drawing in runner blade
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Fig. 2.10 Velocity triangles in runner (inlet & outlet)

(@ n,100 (b) n, 200 (©) n, 300

Fig. 2.11 Shape of runner according to specific speed

//%\ //,
(@ Q/vH : High b) Q/vH : High
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o Q/vH : Very low

Fig. 2.12 Internal flow according to flow-rate, head, rotational speed
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Table 2.1 Specification of test facilities in K-water

No Device (Manufacture) Specification

1 | Maximum test head (K-water) Hmax = 50M

2 | Test discharge range (K-water) Qn = 0~2,160 m’h

3 | Hydraulic dynamometer (KHAN) 301-190-006 : P. = 760kW

4 | Angle transducer for guide vane opening | CPP45SB

5 | Electro magnetic flow-meter (ABB) FEF121 : £0.09%
Differential pressure transducer

6 3051S : +0.11%

(U.S Rosemount)

Absolut transducer
7 | ADSolute pressure . 3051S : +0.035%
(U.S Rosemount)

8 | Temperature transducer (Autrol)

9 | Digital pressure meter (U.S Rosemount)
10 | Dynamic pressure transmeter (Kistler)
11 | RPM meter (KHAN)

12 | Load cell (KHAN)

RTD : +0.2

3051S : +0.035%
211b6/5134B : +£1%
914-100-016 : =0.02%
301-190-006 : =0.02%
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B A7 A% Table 2.29F o] sfjAx1S AAHsA)

Table 2.2 Numerical methods and boundary conditions

Calculation type Steady state
Turbulence model SST(Shear Stress Transport) Model
-Hexahedral
Mesh type :
-Tetrahedral(Casing)

Nodes: 8.6 x10°

Total mesh number 6
Elements: 11.0x10

Wall No slip
Inlet Total pressure
Outlet Static pressure

2 dAFolAe sidS AR Al A&t a&ZFQ A AAE AW
A% == 1 pitch 42 A-&sFJ S, 1 pitch |4 e 237} w22 7
T AN FE ST77HA F2F AAH FYel g A S T 7 A=F AL
st 71E9] dFolAE HUe Aol tigk 4 S ot AAE gHst
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2 4FS Jlol=uiR], zEoMRle] FEFFS W AL 1EEte] ojEd 84
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Al Ht.
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=
tgzE RHE It sfA3E AdolH, Case2e HURRS M AS A5
[e]]
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e

UERRE gtk ol Eeol=e] heiwol Y fA1S BESE 235 BA
ARE FAT F glor, ARE EU 1 pitch AL B ARAA Fo)
oS EE
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Specification

=T

‘ Rough Design of Components

s

| Detail Design of Components

Tge®

Vane Geometry Optimization

S

Performance Prediction

L

Verified by
internal flow
measurement

I Confirmation of Model Performance ’—' Model Test

S

Confirmation of Actual
Turbine Performance

Procedure

Field Test

Check of Performance

Fig. 2.13 Procedure of hydraulic design

[ Specification of Turbine ]

~ | Prediction of entire performance,
Determination of runner, flow interface between each component
passage main dimensions
v
Performance prediction Satisfy Performance?
(n, Q-P, 0)
3 Prediction of flow Stability in
Satisfy performance? Draft tibs
n v
Runner profile design | Prediction of flow induced
1 vibration on blades
Stay vane, Guide vane profile I — ¥ -
T Prediction of runner, guide vane
interaction
Casing, Prediction of GV,SV flows for ¥
Draft tube, Guide vane openings Prediction of Sand erosion
Geometry 1 (if necessary)
design

Predictions of RV characteristics

(n, Cavitation)

s in Fumner

Manufacturing of Model Turbine

Fig. 2.14 Hydraulic design flowchart for Francis turbine
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Tailrace
tank

Straigtner  Flowmeter

E —

Fig. 2.16 Plan view of test facilities in K-water
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Fig. 2.17 Hydro turbine test facilities control program in K-water
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(a) Angle transducer (b) Dynamometer

(e) Test rig and tank (f) Control room

Fig. 2.18 Detail view of test facilities in K-water
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. Stay vane
" Guide vane

Pressure
Contour 1

400000
340000
280000
220000
160000
100006

Draft tube 2000

-80000
-140000

-200000
[Pa]

(a) Case 1 : Flow passage and secondary flow with all parts

Flow inlet

Pressure

400000
340000
280000
220000
160000
100000
40000
~20000
-80000
-140000

-200000
[Pa)

(b) Case 2 : Flow passage and secondary flow with only runner

Fig. 2.19 Examples of 1 pitch analysis using CFD
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Fig.

for CFD calculation

2.20 3D fluid domain of the francis turbine
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Fig. 2.21 BladeGen Templates
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Fig. 2.22 BladeGen GUI

Pressure, Velocity

6"; Interact“

Fluid field Structural field

QW% nmcty
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Displacement

Fig. 2.23 Conceptual diagram of FSI
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Leakage 1

Leakage 2
(b) Mesh of the Francis turbine runner

(a) Mesh at the center cross section plane

(c) Mesh of the Francis turbine two clearance gap.
Fig. 2.24 Numerical mesh for the Francis turbine components
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Pressure
Gontour 1

400000
340000
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(c) Blade inlet angle modification for check a secondary flow

Fig. 2.25 Result of internal flow using 1 pitch analysis
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ANSYS BladeGen

)

ANSYS TurboGrid

|

ANSYS CFX

Unsatisfactory

Outflow angle

l Satisfactory
Finished

Fig. 2.26 Flow chart of the Blade shape decision process

uuuuuuuuuuuuu

-

Spon Nermalized ACA on b to Shroud Line

M~ L

Hub 110°  120°  130° " Hub 90° 100° 110° 120° 130°
Flow angle Flow angle
(a) Initial model (b) Final model

Fig. 2.27 Example of outflow angle calibration to 90°

Collection @ kmou



2.5 A HEAH

BA sk U] £ WER AN Fake] olUA 5 EEL A
Aeha, 1 Egol tE B Fakel HAY FAE AYG AAA oW o

ol #eElE Q7] WZelh
Tl A= TIDD, TURBINPRO 52| =z} A7 Z=T0o] &7 AL B
He A& AFsA Eehe 59 BAFCRE Qlste] Adstel FHEEHa UA
B 23 Aol
gl eje] AT AA FaF Al g ZE O] aEE AtEe 2ol
7] JE A, A7 TolA 7o
TH251 A @e Aol Jojx A9 &
Aoyt ddisl 5 5% Y P &
= wokell A4 ATH261271.
olZF ATL FAE HIZdE NEE LESY FAES AASE S
FEW ofde}, B A7t o] RojAIT g Fdolv AAWMA wWE
3

Collection @ kmou



e
ﬂ,ﬂ
o
ujr

<l

| —

) By

2 st

°

o

| Aoleel

=

e ALRAY A7)
29

tH, ol webA

2}
fo] agabe] AW g

S|

°

[¢]

2=
T

Aol AHgol 7t
e
24 A

°

}A e AA o}

71Ee] AAARTE 72

7 oAl sl

}

9
il

4

2=
T

=
=

]_

Aol %

N

2

°

-(g_

Hﬂ O]’

Blpiess

Q47 AokH 1 pitch dhdz 71&E9

(A

=

) s

S

=
=

S A,
teq 7 kel

°

&

s
i

ystoz=x 1 Ay
27 A ol

[e]
3t AAE st 71E2

<
T

=
Zjl
}@ Table 2.3% 2tk A= Ipitch

shar, s A3 Al zbel] wE A T o]

S

2
k3
=

& Aol disiM = H

]

°

A

atel 4

LA
[}
9]

=

=

S
S A)

b}

— 50 —

Ae
CER

=
=

o =
T

l

]

shof AlbdE AAY

E
hl
S

o},
ATNA 2 A
full domain 3sj42] x}o]

]

o
A2 AR A1EA A AAE B

ql

%

Collection @ kmou

B

A Q0 o

o
=



3 41S 42393t full domain Ao AHE
Zste] A3E oS3 7 EEE /‘} 3}7]
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Table 2.3 Difference of 1 pitch analysis and full domain analysis

Item 1 Pitch analysis Full domain analysis
Time Shot Long
Mesh Generation Easy Hard
Result Capacity Small Big
Lower 2~3% than full . ,
Accuracy , Similar to experiment
domain
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1D hydraulic design

Y

Meridional plane design

'

Port area

!

1 pitch modeling (Stay vane ~ Runner)

|

CFD analysis

)

Outflow angle

A

A

Unsatisfactory

l Satisfactory

Full domain (Casing ~ Draft tube)

!

CFD analysis

Unsatisfactory

Efficiency

Satisfactory

Finished

Fig. 2.28 Flow chart of the Francis turbine Direct design method
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Fig. 3.2 Meridional shape of the francis turbine runner
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Fig. 3.4 Partial turbine in runner passage
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Fig. 3.5 Velocity triangle in runner inlet for 3,

Fig. 3.6 Velocity triangle without blade in outlet
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Table 3.1 Stress value of each material
Parts name Materail Proof stress (N/cm?) - Peak stress
Guide vane SCS5 54,000
Guide vane arm S45C 34,500
Guide vane link SS400 23,500
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Fig. 3.9 Diameter of guide vane center & number of guide vane selection
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Fig. 3.11 Conceptual view of guide vane control
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Fig. 3.12 Conceptual view of guide vane control mechanism

Fig. 3.14 View of guide vane arm Fig. 3.15 View of guide vane pin
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Fig. 3.16 Design point of stay vane

Fig. 3.17 Francis turbine casing design
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Fig. 3.18 View of casing («,=22.5° )
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Fig. 3.19 Length selection table for casing
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Fig. 3.20 Dimension of casing and stay vane arrangement
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Fig. 3.21 Hs selection table in draft tube
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Fig. 3.22 Outlet velocity selection table
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Fig. 3.23 Francis turbine draft tube design
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A 47 ZIANE FRGALEA

41 2AFE 2A

FYstA 2 Aurt zkFojop & %{ S sty gﬁo}oq =3=Y uﬂra}/ﬂ
[EC 60193¢]4} JIS B 8103914 A3t = HUel HA a7 A7 250mm ©]
dol HES ZAH, AMde FasA 2 K-waterd 749 AlE AH 49
AE Leste] ZaA2~ FAO) A XIS Table 4.13 o] ZAA s

Table 4.1 Specification of francis turbine design

Flow rate Q [m?s] 0.45
Head H [m] 18
Rotational speed N [rpm] 900
Output power P, [kW] 73

FoIR 2A1E ol &3t A HAAE A3 dH S AHESHE, 9 aEe A

4.D, &= 2.2, vEE+= 2.3 Zo) AL 4 Atk
Q

Unit flow rate ¢ = —— = 0.106 4.1

\'4 q i 4.1

Unit speed n = N 212.132 (4.2)

vH ' '
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NVP

Unit speed n,, = ——— = 207.4 m-kW (4.3)
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L g = 09002 st
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4)

n .90 = My, X1, X0, 4.4)
H,, = H, X, (4.5)

7oA, 2dE A= g A Sletel LA g = 0985 , 7]7]A

N, = 0992 F9 Y &2 H@.0)L= ALtAD
M, = —— =0923 (4.6)
) 771)><?7m

‘FIth H(-i ~ Z‘[{loee (4 7)
H;/) - .
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4.2 H9 4 2

Hue] Aol glold BEGBos AYsE FEe o= TR FE4
& 3 2 ¢

5 AAE xdstoof k= Aot
= #9 Port areas} Edol=

R
A58 AYIE AL 243 A% Flol=d) 27

2
k=)
)
ol
*_‘rﬂ
o
Q2 X
x B
§§
%%
Lm
%;‘
2
ﬂq
w1
_un m.lN'
‘Z‘;é js
T > & Hi
a4 B i
4 @ ey
_|_'.O-‘-‘1-O_\‘L_4
ﬁ%mom
x TE
off & 24 Hu
_;glnjg
— od o
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B AT M= CFD 4L 93t = Q3 Outflow anglezt2 A A7) $13+
A ALE x3et gy dAE Adsen, CFD s 333t
Outflow angles =2 3}3}th.

AR 12 R A "Rl mhekA 262003 B.2D), (B.22)A A WU
o= 483 gy JdFAF D, = 0.3775m, ¥+ F B = 0.0946m, 2 =7A
£ D, = 0.35m=z AA3P o, Fig. 4.29F Zo] =4339t ofr|dA &=
TS @A Yt AR FoA AAAE FHfeh w20 i
o T3 21(4.8), 4.9), 4.10)7} Zt}.

o
=
w
S

DN Din  0.3775x212.132

= = = = 0.94 48

“ T % V2gH —~ 846 84.6 0-9466 “y
Q 0.072¢ _ 0.072x0.106

C, = = = = 0.2137 4.

P 7D /BvV2gH DB 0.3775>0.0946 4.9
0.2875 0.2875 % 0.106

C=— @ _ 02 S = 0.2488 (4.10)

ZDE\/ZQ—H D; 0.35
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4.2.1 Inlet angle 24

Inlet angle 8,2 79 Y&} 353 Fao] Ass FINI= 842 ¢
To3 AdAdsolnt wabA 3xd AAE Tt HA Y dUFE == W
7] flske] REEA] A Eojof st Aot

]
ARNAAM A A o] K=Y ALt e A8kl 44.8), @9,

4.10A gFel A T2 3 ¢y, CpE 183+ K, & 7l
Ui 0.92°
K, = |G+ = \/0.21372 T = 0.5309 (4.11)
467 4}0.9466

ANAA AMCE HED FEL MHOR Y YTE SEFYL 4
sl Fig 4.33 o] uehiul ol HEa dabelA ARE uie) 7= 2
= 65.11° 7} B

4.2.2 Port areag °©]-8&3% Outlet angle 244

Outlet angle ZAA3}7] 8= port area Z+S WA ZAAslojoF &1, port
areas ZAA37] el A= outflow angle 2R LS 93 £=472t8 A2 =318}
ofof gt webA] Ao A o)t AFH #S o83t port area @t
ARstr] 93 SR ZEE Fskdth WA BE 5T 200m-kWa ol B E
4708 SHFHeR A%, AFFY FETES YTEHS T 4583t
= quo}oiq ET75 SHEH A4S AsiA A AW AdolA deojof HAE
<= 233 F Fig. 448 Zo] Aede] FAS wet 45844S et SHTEH
< AA] s AU1DE 7 AR e 204 fAE F=

& e AR A

glou} Azko] ol &8mE Bao] Utk AL WEHY HoHe fH9 2
Hol $EHW 275 AoHoNe SHFAL ARF W, 73| Fig 45%
2ol 4e 18 F Utk CAD ZEIS o] §3te] AT AP T Fwol
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Table 4.2 Measuring data of equivalent flow rate diameter and runner
outlet diameter value

Part Measuring data (m)
Equivalent flow ay a, as a,
rate diameter 0.02242 | 0.02787 | 0.03493 | 0.04319
Distance of Port R, R, R, R,
from center 0.16182 | 0.13554 | 0.10591 0.0875
Outlet diameter Do Doy Dos Do Dos
0.35 0.3021 0.2435 0.1795 0.1388
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o,
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ol
rir

2% BN, Doy Crown S48 %A A= & =
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q q
Cy = = 4.14
27 Uxax Z.\/2g  17.7088a.7,Z, 419

Con = 4Xan1j1Z,\/@ - 17.7088qaix1iZ7, 4.15)

Askel g3 Fig. 4.20004 2 B9 YA FE uR O Z WA 1-2 Afo]9]

Sherel B9 A 275 SEaoEE AEan Fig L6% 2ol =43 B
< 9tk Fig. 4.60] Hol= Zﬂﬂr 2 Ao MY sHEFHe st =

SEAAE S A7 AEste] Figo 4.70] YR dth #xol o)ste] outlet angle

7} port area= A & T ‘RJ\Q-EE Ciatel st 2y SARFeE 33

S FHsEh 4(4.13), (4.14), (4155
o]-§ste] dojxl g Fig. 4894 A =S F3k] dojxl gt Table 4.33% 2o
o, Z.=13& thdste] AbstAth
Table 4.3 Calculating & measuring data of the runner outlet velocity
triangles

Part Calculation & Measuring data
C,(1~2) C,(2~3) C,(3~4) C,(4~5)
0.2626 0.2522 0.2575 0.2521
C,(1~2) Cy(2~3) C,(3~4) C,(4~5)
0.4833 0.4232 0.3700 0.3342
c,.,1-2 | C . 2~3) | C,(34) | C (4~35)
0.4949 0.4343 0.3804 0.3448

Outlet side
velocity factor
(unit:meter)

7y 755 it i
Outlet Port 0.04249 0.03904 0.03563 0.0319
diameter T i iy 14
(unit:meter) 0.0415 0.03804 0.03465 0.03092
X, X, X; X, X;
0.4246 0.4022 0.3659 0.3201 0.2910
Outlet angle ) @) ©) @ ®
(unit:degree) 21.74 24.72 29.76 35.95 39.95
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Table 4.4 Calculating data of peripheral velocity and outlet angle

Part Calculating data
Peripheral Uy Uy Upg Uy Uos
velocity (m/s) 16.49 14.24 11.47 8.46 6.54
Outlet angle ] oz Pz Pas P
18.60° 21.30° 25.81° 33.27° 40.32°

Table 4.4°1= 214183 (4195 o]&3dt AMtdE AAE AHEsidon, 2%
E Eslo] Ao outlet angle® Blw3}lr] Y3kl Table 4.5¢ HMEZ A3+
o ALAR} A= E Fote Aozl AFRE vwstH F 7EA] o] &gt
ARE 745+ & AolE HolA &S & o, F UHA Uy BE

|

A% Sz AAeE ALIE T

il

T

349 HAE B FEANS FYSH

Table 4.5 Comparison of the outlet angle in the Francis

turbine runner design

position Calculated angle Measured angle
@ (Shroud) 18.60 21.74°
) 21.30° 24.72°
® 25.81° 29.76 °
@ 33.27° 35.95 °
® (Crown) 40.32° 39.95
4 By 34 2A

ZHA 2 F21o] HYoM EBZE FH Zog {f2do E77e Hu9
port area®} E#o]= outlet angle®] <3 Hb=o}, =3 g9 outlet angle

L O
E
edH =g oz ekt ﬂ]&é %3, port areaw= Y FEGS
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1D hydraulic design

v

Meridional plane design
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Port area

v

CFD analysis

|

Outflow angle
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Unsatisfactory

l Satisfactory
Finished

Fig. 4.1 Flow chart of the Francis turbine runner design

0356

?377.5 94.6

0350

Fig. 4.2 Meridional shape and dimensions of the Francis turbine
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,=0.9466

C,=0.2137

Fig. 4.4 Drawing for equivalent flow rate decision process
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B = 94.6 y
@ @ O

Fig. 4.5 Drawing for & Outlet diameter decision process

b1

§B1ade 1 pitch

Fig. 4.6 Velocity triangle in range (D~@ for port area decision process
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Fig. 4.7 Velocity triangles for port area decision process in equivalent flow
rate condition

Fig. 4.8 Velocity triangles for port area and outlet angle decision process in
equivalent flow rate condition
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| 1D hydraulic design |
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| Blade loading (Port area) |«
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‘ Guide vane angle ‘(—
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| CFD analysis |
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‘ Select blade

Fig. 4.9 Flow chart of the francis turbine runner design by CFD
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Mass flow rate
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Turbulence model | S5T
Periodic boundary | Rotational Periodicity

Fig. 4.10 1 pitch fluid domain of the francis turbine for CFD calculation
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Fig. 4.12 Selected cases with different port area
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Fig. 4.14 Outflow angle distribution at exit of runner
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(a) Case 1 (b) Case 2
(c) Case 3 (d) Case 4
(e) Case 5 (f) Case 6

Fig. 4.15 Whole view of 6 cases of runner
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Fig. 4.16 Streamline distribution in the draft tube
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Table 4.6 Comparison of design data by calculation & Calibration

No. Radius (mm) No. Radius (mm)
Calculation | Calibration Calculation | Calibration
1 200 200 9 141.4 153
2 193.6 194 10 132.3 148
3 187.1 188 11 122.5 143
4 180.3 182 12 111.8 138
5 173.2 176 13 100.0 133
6 165.8 170 14 86.6 128
7 158.1 164 15 70.7 123
8 150 159 16 50 119
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Fig. 4.18 Turbine casing design with stay vane
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(a) Stay vane & Guide vane layout (b) Detail view of vane layout

Fig. 4.19 Stay vane & Guide vane arrangement of new design

Francis turbine | Inlet

Outlet

5.9°

Draft tube

Fig. 4.20 Schematic view of francis turbine for experimental
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Table 4.7 Design specifications of Francis Turbine

Parameters Value
Effective head H 18 m
Flow rate Q 0.45 m¥/s
Rotational speed n 900 min™
Runner inlet diameter D; 377.5 mm
Runner outlet diameter De 350 mm
Runner blade number Z; 13
Guide vane number Z, 16
Stay vane number Z 16
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Fig. 4.22 Selected runner, guide vane, stay vane, casing, draft tube
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Fig. 5.1 Performance curve of the francis turbine at design guide vane opening
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Fig. 5.3 Hill chart of the francis turbine by CFD analysis
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Fig. 5.5 Schematic view of leakage in francis turbine
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(a) PL-Pressure side (b) PL- Suction side
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Fig. 5.6 Streamline distribution on the runner blade by load
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(a) Case A (b) Case B (c) Case C
port = 30.4mm port = 35.1mm port = 37.3mm

Fig. 5.7 Velocity vectors distribution of francis turbine
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Fig. 5.8 Streamline distribution in draft tube

- 128 —

Collection @ kmou




Veluuitr
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(b) Suction side of Case A
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(e) Pressure side of Case C (f) Suction side of Case C

Fig. 5.9 Streamline on blade surface
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Fig. 5.10 Performance curve of the francis turbine at flow rate variation
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Fig. 5.11 Cavitation analysis on the runner blade
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Fig. 5.12 Streamline distribution on the runner blade by load
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Table 5.1 Data of using material

Part Material Design Stress [MPa]
Casing SS400 400
Cover S5400 400
Runner SCS5 540
Stay Vane 55400 400
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Fig. 5.13 Modeling for Fluid-Structure Interaction

Fig. 5.14 View of numerical mesh for FSI
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Fig. 5.15 Pressure distribution of francis turbine

(a) Turbine casing surface

i

(c) Stay vane surface (d) Runner surface
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Fig. 5.16 Pressure load on main components
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Fig. 5.17 Result of FSI on casing
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Equivalent Stress 4
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Fig. 5.18 Result of FSI on turbine cover
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Equivalent Stress 3
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Fig. 5.19 Result of FSI on stay vane
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(c) Deformation distribution

Fig. 5.20 Result of FSI on runner
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Table 5.2 Comparison of francis runner manufacturing process

Condition Casting Machining Welding
Cost Low High Middle
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Application @350 ~ 91,500 @350 ~
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Price Low Most high

Example

2) 7hol =l A=
Zhol=uRl e Ak A AHAR] dFS € T A FEoIH, s A4
SAIEA oM REAS 2AHsE TR FAFIH AL VAV T
st ARG ez AZEAH, Aol mE A HAs HYe vRRVAE
2 71738 459 159 Aol wmehs AT,
ZholenRle EHA AALE Tt ALY o= R & =E Vb
ol=HQl =1 FAel vt WS A&V FRkE ook shH, 100% 71 B 100%
SN AAZE REEA] o] FojR o} it} HEZE TholmH|Qle] SH FA
gol Hojok stm, MEHe] ofd EAE T Tt VIS HoAA &
ofof stE2, = A #AEE A5t BFE AlCIAE °l&3ty HH
4 5 =4 st
Zhol=ul)l AAF B =Jel tigk F2 HAWEL vad 2
@O ZrolEHQlH HHIAM e EAlE 0.2mmE 7|F 2 & +0.1 ~ -0.050]

X

- 144 -

Collection @ kmou



@ 7tolEHIRIZE AHHE A= 34 SHHE o] 0.lmmeld] & A
Q &=+ TEZAL 100% Mol thstd Hegke] £3.0mm o)W 4 A
@ 71E} THIA Q%= XHE FAE U T A

ZEoH 1 Ao] YL dAFoRE FAHA IFsH T =T AFEHI
on, FEAG o - 27 AATY dE€S =HS THIATE  2H oM 7
< ZholenRl R sdsHA AL on, dd A HAs B AVEE
A3 459 159 AFS Witk 718 Fake] AlFS A Zagh wojEg A
A F2E, 949 5 54 #FE A% FHF 5 ALstAT =23 ==
E FH& Table 32004 &7Ms A7 2ol By AF 0.6molst Ad HdAdn
of Ade dFFS Atk F2Y F, FEFoe GH€HS S5 A

S|

dAste ARAE Tkl dHe
FAAL Aape] wEbA AZE b= Fig 5.220] Kol A3
om, desAd 2uldl FAst

F292 & 9, iE o
o sastEch. sol=wel

>,
4]::
e:)
of
o
£
AN
N
o
Iy
rT)
el
Auj
(g o
all
=
=2
)
rot
2
AN
o
ml
Og{::‘

2TAT AAZA 100% AYA 25mmE AE é}w—z— Ao Fab A
F ZAsgon, slel=iel 1116744 Xsel thstel ASAAE UASAC
slel=uole] SA% HE® B4 24 Avhs Fig 5.235 2

Eate] AR A3 koA Tha B 29e deigoy), Hexde

A4 SA0 0.0mm olfst HAA WF +30mm ole] AL WIS Felst
J|

— 145 —

Collection @ kmou



(c) Manufactured turbine casing (d) Assembled francis turbine

Fig. 5.22 Parts of model francis turbine for test
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Block Gaunge 32.5mm — Full open
Guide Vane (1 - 2} ]
Guide Vane (2 - 3)
Guide Vane (3 - 4]
Guide Vane ¢4 - &)
Guide Vane (5 - 6)
Guide Vane 6 - 7J
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Guide Vane 8 - &)
Guide Vane (8 - 10)
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Guide Vane (14 - 15)
Guide Vane (15 - 16)
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®* |O|C|O % |C (0|0 0|0 |0 |00 0|0

Fig. 5.24 Model francis turbine performance test
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(b) Reproducibility test for unit flow-rate (Q,,)
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Fig. 5.25 Reproducibility test for francis turbine model test data acquisition
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Fig. 5.26 Performance curve by guide vane open angle of n,200 francis

turbine model test
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Fig. 5.27 Hill chart of »,200 francis turbine
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Fig. 5.28 Characteristic curve of n.200 francis turbine run away speed test
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Fig. 5.29 View of rope cavitation in draft tube
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Experimental results
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Fig. 5.30 Comparison of results of CFD and Experiment
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Casing / Draft tube Design
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CFD Analysis (Full Domain)
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Fig. 6.1 Procedure of Direct design for francis turbine
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Fig. 6.2 Comparison of outflow angle distribution with 1 pitch and full domain
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Fig. 6.3 Comparison of loss analysis with 1 pitch and full domain
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Fig. 6.4 Loss analysis of francis turbine
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