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Study on Runner Designs for Improving Performances of

Francis Turbines and Pump Turbines

Yasuyuki Enomoto

Abstract

The hydro power stations must be equipped with hydro turbines of high performance and high
reliability. Performance of hydro turbines is evaluated by its efficiency, cavitation and pressure fluctuation.
The runner has great influence on these factors. Therefore, the improvement of runner performance is
very important. Francis type turbines are the most used type among the turbines because of its flexibility.
Therefore, study on runner designs for improving performances of the Francis turbine together with the
pump turbine is conducted in this research. This thesis consists of five chapters, as follows.

In Chapter 1, the background and purpose of this research, and the outline of the study are stated.

In Chapter 2, a study on the applicability of the splitter runner to a super high head pumped storage
power plant is conducted. The splitter runner has long blades and short blades. First, in order to evaluate
the possibility of expanding its operating range, a development of a new splitter runner is conducted. As a
result, it is found that it is desirable to make the short blades as long as possible until they start to interfere
with the outlet port formed by adjacent long blades. Also, the operating range of splitter runner, defined
by the ratio of pump maximum head and the turbine minimum head, is found to reach 1.298, while that of
the conventional runner is 1.154.

Next, an effort to improve the inlet cavitation performance in the turbine mode by optimizing the
short blade shape is carried out. As a result, it is found that by shifting the short blades to their pressure
sides, the blade loads of short blades increase and local pressure drops at blade inlets decrease.

Finally, in order to apply the splitter runner to a prototype pump turbine, a technique to design the
splitter runner taking into account the manufacturing and maintenance features is examined. As a result, it
is found that it is feasible to widen the blade outlet width by optimal designing of the blade inlet angle
and the circumferential position of splitter blade’s trailing edge, while avoiding the deterioration of the
hydraulic performance. The results of the model performance tests confirms that the splitter runner
optimized by CFD operates with higher efficiency and smaller pressure fluctuation all over the operating
range, compared to the conventional runner with seven normal blades. From the result of the performance
test of a large scale prototype pump turbine, it is also confirmed that the splitter runner shows high
efficiency and low pressure fluctuation as well as in the model tests.

In Chapter 3, an optimization technique of Francis turbine runner is studied to obtain a high
performance Francis turbine runner. First, an optimization system which couples CFD and the design tool

of Francis turbine runner shape, namely the Multi-Objective Genetic Algorithm (MOGA), is presented.



The system can automatically optimize the runner shape based on the objective function. The system is
applied to the Francis turbine runner, whose specific speed is 0.08. The hydraulic losses at three operating
points are selected as the objective function. The runner shape is defined by the design parameters, where
the runner meridian passage and the blade shape can be defined freely by changing the parameters. As a
result of the optimization, many optimized runners, which have various performances, are obtained and
the model performance test shows that the optimized runner has a great improvement in the turbine
efficiency. It is clearly shown that this optimizing system is useful in obtaining a superior runner.

Next, a new method to design a runner which combines the latest CFD and the multi objective
optimization method with an existing design system is developed. The optimization is carried out in 2
stages. First, the optimization using genetic algorism (MOGA) is conducted for two specific speeds of
Francis turbine runners (Noe=0.14 and Nge=0.25). Next, optimization using the design of experiment
(DOE) is conducted for specific speed Nop=0.21 Francis turbine runner. In this optimization using DOE,
base runner parameter is chosen from the optimized design parameters obtained by MOGA. As a result of
optimization conducted by DOE, a high performance runner is obtained. And also, the time for the
optimization can be shortened using this optimizing method.

Finally, a new runner design optimization system using particle swarm optimizing (PSO) method
has been developed. As a first step, a runner shape optimization in the design point is conducted using
PSO method and compared to the results using the genetic algorithm (GA). As a result, it is shown that
the new PSO method is capable of creating many optimized runner shapes quicker than GA. As a next
step, multi-objective optimization of runner shape using PSO method is carried out against a wide range
of operations. As a result of the runner optimization, it is shown that the new PSO method is capable of
designing a higher turbine efficiency runner while maintaining the cavitation performance. Therefore, it
can be concluded that the particle swarm optimizing (PSO) method is an effective algorithm for designing
an optimized hydro turbines.

In Chapter 4, model test is conducted to investigate the vibration due to flow instability which
becomes large at the high partial load conditions in the Francis turbine. It is found that when the
instability vibration occurs, a large pressure fluctuation those frequency is about 40Hz can be observed in
the casing and between the runner and the guide vane. It is also found that at this condition, the
cross-section of the whirl is oval and the whirl rotates around the whirl core circumferentially at about 20
Hz. Because the whirl of an oval cross section knocks the wall surface twice every circulation, the
frequency hitting the wall becomes around 40 Hz. This frequency is close to the measured dominant
frequency of the instability vibration. It is concluded that the instability vibration is caused by the rotation
of this whirl with an oval cross section.

In Chapter 5, the conclusions are stated.
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Table 1-1 Hydro turbine type

. Applied specific speed
Grouping Type N, (min”" + kw-m)
Francis turbine 50~350
. . Kaplan turbine 200 ~ 900
Turbine Reaction turbine Diagonal flow turbine 100 ~ 350
Bulb turbine Over 500
Impulsive turbine Pelton turbine 8~25
Francis pump turbine 50 ~250
Pump turbine Reversible Diagonal flow pump turbine 100 ~ 300
Bulb pump turbine 100 ~ 300
Pump
turbine
0
Pelton 11%
4%
Kaplan
6%

Fig. 1-7 Hydro turbine type ratio 0
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Reynolds-Averaged Navier-Stokes Equation
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Table 2-1 Specification of prototype pump turbine

Operating condition Head M;Eivm;m Rost;::félal
Pump Me.lx%mum head M), max 727m
Minimum head  H, min 663m
Maximumhead H,me | 675m 460MW 500min™
Turbine Normal head  H,por 653m
Minimum head H, 617m
Table 2-2 Principal dimensions of model runner
Location Conventional runner Splitter runner
Runner Inlet Diameter D, 500mm 485mm
Runner Outlet Diameter D, 250mm 250mm
Runner inlet height B 43mm 43mm
Runner inlet height L 132mm 132mm
Blade number Z, 6+6
Scale ratio S (8.6) (8.6)

Fig. 2-1 Principal dimensions of runner
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Fig. 2-2 Boundary conditions
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Fig. 2-3 Comparison by runner shapes
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(1) 12 Blades runner

(2) Runner B

Fig. 2-9 Pressure color map at runner center section
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Fig. 2-10 Turbine characteristics
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46

400.0

450.0

Incipient Thoma number o;



Unit discharge Q°1 (lit/s)

55

50

45

40

35

30

25

20

15

10

5

Maximum efficiency point of conventional runner

— =conventional runner

—splitter runenr

il

—

NS

iz

.

| —
L/_ | Htmin
|

Htmin
Expanded operating
range(Splitter runner)

Cavitation incipient line

Htmin
Possible min. operating
|__— head of original runner

original operating range
of splitter runner

100 110 120 130 140 150 160 170

Unit rotational speed n’/ (min’l)

Fig. 2-15 Turbine characteristics

47

180 190 200 210

220



Pump head H’n (m)

00.0 0.55

------- Conventional runner
—— Splitter runner
95.0 F 41 0.50
2\ VSecondary flow limit
90.0 F7Secondary flow llmitx 2 1 045
© RN gn
= £ H'pmax
. A
85.0 f 2 AZ 1 0.40
5,08 8
5o & g
g 2|3 H'n g
80.0 | % |2 5 1 0.35
= o =%
O o _g
L
=
<
75.0 } E { 030
y
A\ H'pmin
70.0 F 41 0.25
65.0 | { 0.20
60.0 | 4 0.15
Oj
550 } { o010
50.0 . : . . . - 0.05

100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0
Discharge O 'n (lit/s)

Fig. 2-16 Pump characteristics

48

Incipient Thoma number o;



5]
g
& o}
m o (syun w7/ =xewdy
2 B
S & E
| go ™
| (= Mc
Eg R
Mc )
m o
[32) e
0 ze (syun p)wiy z9=urdy
i

(Jauunl [eUONUIAUOD)
(unp)wg/9=urudy

740

720

700

680

-160

(w) A peay uonong

peoy Sunelodo ‘uiw 9[qissod | Q
- (mun upgo=urudy ©
n
g
- 8
S g K
g8 3
&0
M &
(=]
=1
O
(touuni sonrdg)
\ (unpugoo=urudy {18
el
<53 =
12
on ~
s 8
=N
-
(=4
) ) ) ) ) ) S
L
(= (=] (=4 (= (= (= (=]
= = S % @ I &
' ' '

Pump head Hp (m)

Fig. 2-17 Prototype pump operating range

49



Turbine output P;(MW)

500

400

300

200

100

------- Conventional runner
—— Splitter runner
Ptmax=463MW
S
(9]
I
g
g
= g
—O : bl
g 81 @ ©
0 —_1 = A %
63% Power O o \O O
Ll S N .
cl = o <
151 & E
g1 & Ll I
Q’ 1
(= b
S % |
2 <
e N
= 7 N
= | TN -
ol 7 b b N T
Inlet Cavitation Incipient limit
500 550 600 650 700
Head H,(m)

Fig. 2-18 Prototype turbine operating range

50



Table 2-3 Operating range and head ratio of splitter runner

Secondary flow limit H '’z 90.3m

Scale ratio S 8.600

Secondary flow margin 4.1%

Pump Maximum head /1, max 727m
Minimum head /1, min 603m

Maximum head H, .« 675m

Turbine Minimum head H; miq 560m

Minimum power at minimum head P 63%Power
Head ratio H,, max” Hy min 1.298

Table 2-4 Specification of prototype pump turbine

Operating condition Head | Maximum Power | Rotational speed
Maximum head H, 814m
Pu — 462MW
P Minimum head  H, min 749m
Maximum head H; 770m 500min’
Turbine Normal head ~ Hinor 719.5m 461MW
Minimum head H, i, 690m
Table 2-5 Principal dimensions of model runner
Location Conventional runner Splitter runner
Runner Inlet Diameter D, 546.7mm 530mm
Runner Outlet Diameter D, 250mm 250mm
Runner inlet height B 35.8mm 35.8mm
Runner inlet height L 113.4mm 113.4mm
Blade number Z, 7 5+5
Scale ratio S (8.491) (8.491)
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Short blade

Basic blade shape

Fig. 2-19 Short blade of splitter runner
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“+7_ | Equal Pitch

,6 deg:

6 deg. ~

Fig. 2-20 Locations of short blade

Table 2-6 Short blade location of splitter runner

Circumferential pitch of short blade
Runner A +6 degree
Runner B 0 degree
Runner C -6 degree
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(a) Runner A (+ 6 degree)

(b) Runner B (0 degree)

(c) Runner C (-6 degree)

Fig. 2-21 Splitter runner shapes
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Fig. 2-22 Blade load by circumferential position of splitter blade in turbine operation
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Fig. 2-24 Locations of short blade

Fig. 2-25 Solid model of splitter runner
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(a) Near maximum output

(b) Near 70% power i

(c) Near 40% power f

Fig. 2-26 Pressure color map on blade surface in turbine operation
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(a) Maximum head

(b)Minimum head

Fig. 2-28 Pressure color map on blade surface in pump operation
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(b) Model runner

Fig. 2-30 Model test equipment
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Fig. 2-31 Characteristics of turbine inlet cavitation
i / — Splitter runner
/ - = Conventional runner
0.4 0.6 0.8 1.0 1.2 1.4

Unit discharge Q’1/ Q"1 o

Fig. 2-32 Characteristics of turbine efficiency

63



Pressure fluctuation AH 7H’ (%)

15

— Splitter runner

N = =Conventional runnner
N
10 B S ~
~
N
N
N
~
~
~
~ -
5 [ \\ T -
e
0 1 1
0.0 0.5 1.0

Unit discharge Q’1/ QI oy
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Table 2-7 Specification of prototype pump turbine

Operating condition Head Maximum Power | Rotational speed
Maximum head H,, max 728m
Pump Minimum head H, o 677m 464MW
Maximum head H; 675m 500min’
Turbine Normal head H, o 653m 481MW
Minimum head H, 617m
Table 2-8 Principal dimension of model runner
Splitter runner Conventional runner
Number of blades Z, 5+5 7
Inlet diameter (mm) D, 491.9 mm 505.2 mm
Outlet diameter (mm) D, 250 mm 250 mm
Inlet width (mm) B 46 mm 43.4 mm
Scale ratio (mm) S 8.68 8.68
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Fig. 2-34  Splitter Runner blade configurations
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(a) Runner A (A%=1.6°)

-y

(b) Runner B (A%,=1.8°)

(c) Runner C (A$,=2.0°)

(d) Runner D (Af=2.4°)

Fig. 2-35 Comparison of runner shape

67



Pressure coefficient Cp

Pressure coefficient Cp

1.2

—Long blade
---- Short blade

0 0.2 0.4 0.6

Turbine Inlet Arc length of blade L/L,
(a) Runner A (Af, = 1.6°)

0.8 1
| Turbine Outlet |

1.2

——Long blade
---- Short blade

-0.2
0 0.2 04 0.6 0.8 1
Turbine Inlet Arc length of blade L/Zo | Turbine Outlet |

(b) Runner B (A, = 1.8°)

Fig. 2-36 Pressure distributions along blade surface

(60% power in turbine mode )
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(d) Runner D (AS, = 2.4°)

Fig. 2-37 Pressure distributions along blade surface

( 60% power in turbine mode )
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Fig. 2-38 Variations of main geometry with Af,
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(a) Runner A (A, = 1.6°)

(b)Runner B (A, = 1.8°)

(c) Runner C (AB, = 2.0°)

(d) Runner D (Af, = 2.4°)

Fig. 2-39 Pressure contour at blade surface

( H, min at pump mode )
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Fig. 2-41 Pressure distributions along blade surface
( 60% power in turbine mode )
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(b) RunnerD (Af, = 2.4°

Fig. 2-42 Stream line at 30% power in turbine mode
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Fig. 2-43 Swirl rate at runner outlet
(30 % power in turbine mode )
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Gonventional Design Runner

/-

Splitter Runner

Zs20

\_

716
&% 7516

Fig. 2-44 Comparison of two pump turbines for model

Table 2-9 Principal dimension of model pump turbine

Splitter runner Conventional runner
Number of stay vane Z 16 20
Number of guide vane Z, 16 20
Number of runner blade Z, 5+5 7
Inlet diameter (mm) D, 491.9 mm 505.2 mm
Outlet diameter(mm) D, 250 mm 250 mm
Inlet width (mm) B 46 mm 43.4 mm
Scale ratio (mm) S 8.68 8.68
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(b) Runner A (Splitter runner) (c) Runner B (Conventional runner)

Fig. 2-45 Model test equipment
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Fig. 2-46 Comparison of hill-curves in turbine mode
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Fig. 2-47 Discharge characteristics of turbine mode
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Fig. 2-48 Pump characteristics
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Fig. 2-49 Prototype pump turbine
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Fig. 2-50 Turbine efficiency of splitter runner obtained by field test and model test
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Fig. 2-51 Pressure fluctuation in draft tube in turbine mode

80

600

Discharge O/O; max



WIE TI5UVAKET T OEEVERE

31 Ui

KIFEEIL, BAFOESFAERMEOT TIFTERRIIOS LWREE Y AT LO—2Th D, ITHFKIFE
EITOENRICOBLEIN G, @b, Al%7E, AREFEOR EEREREINLTHWD, ZhbD
FRITIN A DT, KEEZERT DFHIEERFN DO AT —_R—2 W A NRX—2 | BEREATH DL T T,
T T FIROWH U OFEBIT LTk & 223k THEREM A BTV D,

HEFSNZ OV,  PEREA B W TRV CSRER TR L ESIE D Ot P Ol 2170
TS (HR)QB). £z, WH LEIZOWT Y LE AN OZBSOIERI M ERE~ G- 2 % %
72 EOREMTHONTND @)(5). —J, 72T TIE, BERKEOSER & A TH7 >
WZEHT 5 2 & CEMER b A M D FHNL S |E S TWD (6)(7NB). £72, 77V AKET T

&, PERDT T LT, PURBIZEWIIR AR 1T 5 2 & T, T FREOR D i o]
72 LY, R EKEREMERE T ER > TW D EHI L H D, DL DI, KEMREOEMEREL
AT CURAVRTEN 70 &2 B L7225 6, AKEOMERER A S TWAHD, RbHEERT FIT
DN TIELZE DIROBEHE S > BTCR OIGELIZITR W ZZ L T\ 5, Z07ke), T IRO B
B s AT LAOBRBENLEEN TV D, I, Rl FEL LTEOFERHEIATWD, R
RO REALTFIE S U CEERGEE, BT 20 X (9)(10), BEX722E Lik (1), kiR
fbiE (12) 2 ERH D,

FEHBEHEIEIID R VR TE L OFRZ Lo 2 & LRISOR AL Z EnNHkb 728, KET
T ORI b L BWHSNTND (13)(14), £7z, BRHT LT Y X LIEDOHE(ERIZHES <
FETHY, ABLTT7e EORECFIEICHE AR R TOREMFEZ R0 2 010 LI FE L Ebh
THY, KERH UERIROSEEICEH L72F6 b H 25 (15), iR b it Tk o >
R b= arhrbAEENETIETHY, BEHT VT X ARSI 2 7ol 2 Ol
LIcFELEEDN TN D,

ARETIE, EcoOT7 v EREEbE B E LT, 77 v AKET O Ak AT
LERGEL, TORMEEFAVRHT-PRAEERIC LV a5,

81



32 AETHWSIE
ITFICARZECTCHWAIE 271,

L L KB 70 B OJPHRENCI > 7= B

Ly  REOPREIZH -T2 EX

G, : SPIARTIE S5k

a’ DT A R — U BREE

AH’ : K ENRE R

H’ : PRI ER Y 7

Dy RS o OB

iy : FEH T L [aldiR

Om : FERK E

g : I

Not B (Noe = nep X Qpp ™)
nep : SHEERER (nep=nmuX D/ (g' X H)*)
Orp PR (O =0/ ((g'¥XH) X D))
Okpopt : BENER IR DI EAR SR

n' TRty R RS

Mt opt TR B i 20 R

v, BRIy 1R EE

Vi o W IR e

Cv,, R AR

Cv, : BEmnE EEAREL

Rew S LA IVREL (Rem= (mxnu*Dhi) / v
M : EPREEE

33 BEMTAITY XA E 2 BERELT R T LD

AEICIIRELFEE LTRET AT ZLAE2RY BT, 70 FTRET7 07T L LG 2 &
(BT LT R BITHAA LTS ABIRR G S AT DOREEZIT 9, ARETTIEHHEE Ngg=0.08 D7 T >
AKHT T Rt g L L,

82



331 mE{LFE
X 3-1 \CHmfb 7 v —%md, KA T LT RGN, BT L) XAD 3

DNITT BID,

33.1.1 T UIRER

BAGHI T VT Y AL KD T P TRIR O E T 572123 T T TRITE A N T A — 212k -
TEHRSNDIUENRD D, 3 WK E L= 7 T o v AREITFFERIR, 2 WoTIHRIER, 3 %ocdd
RIPIRE CTER SN D, FTEBRILY 7 0 R0 > RIZIR, PURA O i TER S LD,
F7z, 2 WOTTURIERIL PR A O A B, HAME, MO X v o " —JRE CER S, B
2RTCDOPIRIER ZFEA BT H 2 & T3 T VT TRIRBEREIND, 2D X DT FIRIRERED S
T A=2I1T100 A EE 7227, AR CIERE by A7 MMIEHATE 5 X 91T 5720 30 DakgHS
T AR L ORA BRTEIRPNER TE DL IIC LIz, K32 IT&F 8T A—X O—flzRT,

33.1.2 AT

AREOPWAHTIZIBNT S, ZHETERBRIZ, ke fLTET VAW T o FEIROES 3 IRILE
WraiTolz, FEME 2 ETRAT@BY Th D, MTEEEITT oL L, PR 1 ©y Foromso
Fru BT MU UToe K 33 TANTET VO—Bil 27, fRATHE 7R3, #9 114,000 & L7z, 48R
S JE 5 N B BE SR T A ISR A W L7z, MABERSMHCBE L CIL, AERA T
ERDOAT == T A R RO TG RS T > A NI TE 5 A L7 i
G3AR & BCHUE Uz, WSRO EE ) —E D&M A H L, BEEICOWTIE, w0 7RLo
Ff& Uiz,

33.1.3 BEEET LT Y XL
BT L3 ) X NTEMRBREIZEIGT D X 0 Ik L T EkERIc RSN =L o TH Y, &k
WRTEHI, BN, ARCEAITEARE ROV IR LIC X - T, BREEEIZIS U-Ead b3 Thoin 5,

1)
Bz 7 2 b IR (5 0F) OFEDD BRIBEEITIS U CTRERDES 24k %,
2) B

EARDEADT N SEET (ST A—8) ORAT Ak (B) @R+, oL
T D AT B AR S CEN BB DO F bR S D,

3) A
BIRSNERE CEIEFOATIRZ 21T, ROMRIFRSNDF (T 7)) OB

83



SND, I TAIVRZ DR FOBMEY TRV, BN FRERIHUTIERT 2 L3tk
725%, TORIEETHD,

4)  ZERAER
BInTa 7 LIRS ED Z SR> TRE T TIIBONRWEIRF &2 b > T FRE1ED
9, ZOEEICEY, XVIEFEHTRE T Z LvREL 2D,

ARETTIIBMACOMEREIL 50 & L, 245 OEFEZ K 40 BRI UM L7z, # 3-1 (oAb
THH LI2/8T A—& ZoRd,

33.14 HRBH

AW CIAK BRI BB CH 2708, Fal{bxig e LTAREIET v T ORERY ki
FoF LD =27, AT —R_—=, T A RR—=, U OB LEIZ DWW T, TRIRE
ELLTWD, ZOXIRKET, 7o BRERELT 556, 7T Loy —v o 7insdiA
RR—=VFETOHEKITT VT RRICE S22, —F, 7 FROERH LEOBKIET -k E
S3An (W VBN BREE ) I R 0T %, W L OHKIZ S I T > B Ok & )
LB OBEBHRAEZ GO b O THRET 2 Z EMARETH Y, BEEHRIII ot EN &
HENRARETH D, 2O, SROFRELICEWTIE, BRIBEE 7 v T iBEAE Tox= 2L X
kb, ZUTHATOMREERZ R LEDEHKE LT,

1) ? V')—W%BIZ\‘/V:’)?*E% Ptloss

Pioss = AP, —Hy,

AP, U A ORTERE
Hy, DT A O OB ESE

2) ? :/hj‘m ] VCO)(IEJTE\% Sloss
2
Sloss = Ivaom /2gdr
Voo 1 7w FTHPNZIST 2 )85 AR

3) K Loss

Loss = Pt loss + Sloss

70, LK DI, KETIERERIEOEBNIZbOZHFET 5 Z L NEETH LW, &Kil

I 1R DA TIE <, EhRa (100%5R &) , 120%FEE A, 60%i &S0 3 M Char{lb %

84



i L=, ZORZN SO BHIEHEIT 3 &R CEAMNT A TS 2 8L, A il TV D,

332 1EkT v OB

Wk T T DOIEREZ Rl % 2 3 D OEHAR CHIAVIRAT 2 920 L 72, X 3-4(a)iZ 100%itE Ul 81
DEGHAARICIEAR T DAL (2 ki) OFEEXZRT, BEIL7 70 AN S AN 9 i
N, FTEINy MING 7 70 AR RN DD 2 Ea2md, ZORNGT 70 0hbRy
RIZmn9 2 WA IURA D OFE il LORER &, PHRHOOAERICFHEL, Ny Rhb s
Z U AN D 2 WIAAFURE A OENE 2 7 0 ANAHET 5 2 E3bnd, X 3-4 (b)EPIRHE
TOWMNERLIESDTHD, Ll L7z X 512, PURAAENEMTRER FTRESHANELTTND
ZEWGDD, ZO2WHANINT T NTRERBREAELTND,

333 B

B 3-5 |ZA R CORBEILOBIREZ RS, BliIsetE sz, ftdsmEiss o BRREETH
L7 UFTWEEEA L T oD OERE B LA DT KRR E IR T o Ol 5 A%
TRY, HRDETICRE, BEINNEL o TN Z N nnD, £z, iFHEAY 100 £1I<° 1000
FHEIZBNT, 120%Ft 8RR 60% I AW TR GBI T2 5 £ 0 2MElAR 60503, Zh
SIFEREROEBETHDH LEZBND, ZOZ LMD, SEAVZREL/ ST A —FZ 2LV Kt
DOESHEATLTDD LHWr§2 2 &N TE D,

[ 3-6 12 2 ot d HABIEZEIZ 31T 58— hF v — M &, X 3-7 1213 3 koo A FIBIEZERIC 36
FHL—hF¥— 2R, NL— ¥ — h EORILTREND bOBREELFRN &L
PRERL TS, BB TH DKIHERINS 2D LAKFELZRNM ET 52 &2 d7z0, A
L— ¥ — b RICEWTE MINCAIET 27 o HIEEEMERTH D Z & 2T, 100%iiEE 60%iit
BIZBIT 53— MDD, 100%FtE A TR AR/ DSV & 60%iit B TIIAKBRRPRE <725
EWVoTo b L= RA 7 OBEURRENTWD, 2O F L— R4 7 ORI 100%ii 8 & 120%if&iCFs1)
8L — MU THREEBECTH D, - T, ZOb—hFr—h 2L Z LICLD, BoATEEE
BRTDH0, e REeERT L b0O%, BREFOLERFEIS LT TR EREST D2 L
DARETH D,

333.1 T FHRETEN

Nl—rF¥— 2HNT2o07 2 L, MEREFMEA 5266 L 72, Runner A [IEKT ) X
D 100%it E TORKIT 10%FEE/NS VDY, 60%ii A, 120%iEA TIERBREOHRLZATHH D
ZH L7z, —77, Runner B 3 3 DOYiE AT TKRIFBRDIER T 1% LT 30%MRE/NE W

85



DTHDH, ZIHDT 2 FOKRIHEIITK 3-6 FITREN TS, [M3-8127 T KX (Runner A |
Runner B) 7”77, REHFHEE L THRADIEIR, HAORRARE SRRLIREL>TWD, PR
AFIZEWT, Runner A [XEMANMENTZTIR & 225 T D23, Runner B 13E I L7224k & 72> Ty
5o —J7, PRHMIZINTIE, Runner A [XEFRIROH AR & 72> T 275, Runner B (Tl 2 A
T LK E 7o TN D, [X3-9 12 100%i R8T 2 PR EOFRIOERT %779, Runner A [3PIR
JENETY T 0 AUD B FRISORE 72 2 RIRNAMFAET 573, Runner B TIEIH| S T2,
ZO2WIRADIHNC LY T 2 BIXT v AIZHART U FREOK I BEB SN TN D HD &
EZ bbb,

3332 FxbET—r = URE

4 3-10 (PR FICHF v BT —2 2 U3 FAE LT < 72D 120% 0 EmIZ 81T 2 7 o RIRE O
T —~y TR ERT, 77—~y 7 5IE, Runner A, Runner B & $IZK & ZfliL7AilE
Abievy, K3-11187 PRI OE 5z w3, fiti 3T 8%, B PHRA 26 A
ZHNT TOPMRE SOERTTEEA R LTV D, KHITiE Sy R, ik, 7279 am0 3 jifk
[ COEN AR L TWD, FUREOENDIFARSKIEL Y bIET T2 L PREICF Y ET— 3
UHRAEL, PURFEOEERE 2 EOMEZ G| EE 2720, HRD7ZEFFy BT — a U HRED
BWI 0 EN5, Runner A IXPHRH OMICEARAKRE < CHRE T & AFEBDOEHZENK
ZVY) , Runner BIIPMBA NI TRAM P KE < 2> TS, T X9 I Runner A & Runner B Tl
PURME DE S ANEN DR B D & O OPURH DA EHE COENRIEEITZEFERETHY, Ty T
—>a UHERBITIZIEFR U Th D & THlEnD,

3.3.4 BARGABRIRGE

Ay 27 M XY Kb S 2T o F OMERE A MEET £ 72, Runner A & Runner B D%
BUEL, 2h3RBR, AENRBIRRERS ORISR 2 Fhi L 7=, B 3-12 (R E OIX %, 4 3-13
(ZH% 7 > F (Runner A, Runner B) Z/~7, F£70, 2 3-2 (TBEAGERIEE O FF-EZ R T, AR
BRIZHWTIE, W7 T OREARET 2720, KEZWE, Zo 7 HnEEs M, EHBrFZ 7 Mok
T D K ENREVEFE DR E 24T > 72, BRERBRIT IEC60193 |ZHEHL US4 L 7=,

334.1 T nEE S

7 U OEESAL, bR A VT, T o ElRFLN D B R T 7 MEERTER &£ T,
9 20 SO BN IE CHIHEEE 35 X OWE T a3 OWE & 1T > 70 £7-, [RIREHTHEEE A E A S
ALiE ORERES) & W U D EER COEEARIES D 2 & T, W LERS OB KFHIZTT > T

86



% o HE K B w3 S ORI T, S0%i &0 5 120%t B DR & & e f8ik T T o 72, X 3-14,
%] 3-15 ([CHERERO—FI 2R, K 3-14, [X3-15 128\ C, #ilhE T > F a0 6 B LE
HE £ COMRBER/R 2R L THY, RyIET T EHEFLLDEER £ COHBZ R L T\ 5, 72, it
i IHERBEFELR AL Cy, 35 K O EEAREL Cv, R L TR Y, BRI TOXTER L T D,

Cvp =V /2 X g xXH
Cv, =V, /\J2xg xH

Z T, SERBEEAREITIEN T A & R 2R L, Sl BRI TR T T RTINS
729 WL R LT D, W7 T & 100%i BT HI I T, BERBREFREDNIZIE 0 ORAEIZ /2
S TND, FTo, MIEEREILT o EREFLND, BEEICNT T T v Mg fill/zoTnd
DD, RIRy = 0.7 FTFHTIBNTHETOBRERERA I, 7 0 FETCHETOMR Y FALAFAEL T
HH0EHESND, Lo L, Runner A & Runner B THITHEARI DR AN & e/ IME D754 i 9%
&, Runner B OV NS HESHNT 7> R CTHDHZ ERDD D, ZDOZEND 100%IEAIZIN
TT TP CTOMR Y §itld Runner B O/ NS <K B/MSWb D LHEI SN D, £z, 7T i
DR UEORIKILT o H A OBESHIURFE L, 7 T HADEESMNT T v MR L
BCTORKPNESLS D, ZOZ Linby, WH LE TOHEK S Runner A (ZH~< Runner B D753/ &
WHDEHERISND, £z, FAMD 0%t EITHZIVTIE, W7 o F OREE/0 & b AE
B> 7=t e 720, Z T HUMHEIZ W IR AR N A L 7o o TR Y, — s 14
LCW5%, HEERHEMREUT Runner A 1ZFE Runner B AV & <7225 TH Y, ERMEBE SN TN D,
—J5, WAMO 110%F BBV T, RRIRERBIIA LR, T 0 & RO OEE 57 &
720, R ELRE Y T 2T RO CTHOEAS N L TN 5, 100%i 2 5 A4 L2, Runner A & Runner
B CHlitH EEARIL DI KA & B/ IME D78 % Lot 9% &, Runner B D AVINE GHEHAIN T 7 > BT
&% Z &5, Runner B (% Runner A (ZEEA~T T 2 NESES JOWLH] L THAMER SN TV D B0
LHEI =D,

N ORHESAMORERR 2 VT, FERIEZFH LR &2 3-16 (Rd, AERRIL, &7
¥ DFENER DAL FE D T2 ORELSEEICBIT AEER LD TH Y, s T T 0k
VR OBNLFE D T2 0 ORI XV Rtk Lo iz, HEhi3heEfE m 23, el B s
M OIEEE— A > MIXT DIERIGHOEEIT—A L FOERLIZHDOTHY, LLFORXTERIN
%3

m'=J‘r2Vuder / ROJerzdr

87



Z DIX7>5 Runner B OFERIEE O EIEES 73 BT, WA L § Runner A (T~ &< 72> T Y,
IKEENRBI DR T2 T= 5,

FTo, WESAMORERER & LW U &R LB A OZERER RN G, R LE )
S UEHAE TOREEZFHE TS LT, WHLETORKZHEN Lz, [X3-17 IZWH LER
Roytizmt, RRICEWT, BRITREDRATORH LERALE DL TRLTNS, AXLY,
Runner A (I Runner B & ¥ & R &, /N EM TR K E < 2o TWD Z 030703 %, 243 Runner
A D7 O OREREEAS, K, /Nii# T Runner B K0 b KEL o TWnD Z LI L TEY,
FERIEE N R E < 725 2 & TR LE TOBIEDFEICENRE ST, HEPERKL TS TH
e

3342 JKIENRENFFE
KEMREICR VT, BIRTHLZLTLHAATH I, FEHLEETH D, [FHEMEOHE
& LTE, KEREINNSNWZ ER—DIZZET BN D, FrZ, 7TV AKEITEWTE, RS
IBTDKENREBNEINZ 2D Z 6, BT 7 MIBT L KENRBOHIE 21T 72, KE
ARENZX 3-12 (ORI & 912, 7T HRTUERENE & [F U S ONE TR 21T > 72, KJERE)
AH/H 13— EREOKEZRE L, AEED ms (2 T TFOXTEHLIZbDTH S,

AH' _ 2V2xrms
H' ~—  Hr

5] 3-12 V3 s AR 2 O EEAREU T 35 1 D Wi EAREIT 692 B KT 7 b CTOKIENREN D bLik A
RLIEbDOTHD, 2 Z CKRIENREIOMEIL Runner A DN COM & OFXHE, FEids 7 v
DI RIS T D Uit & OFHE TR LT 5, ZOKI2 S Runner B D7KENRENE Runner A (5t
L Tl COERN/NE <, o, K, /INiE T HAHAYIC Runner A LY /&< 72> T

ZEDRGND, TORFEME L OVNGEERITOKIEIREIOE TI1X, 7 > H 0 O REE FE ot
fEE V7 LIfER Lo T D,

3343 ZhRABRAER

IKERhZRERBR OFE R A K] 3-19 12777, (X 3-19 135 im0 3R SR OB EEAREUC F 1T D IR BT k35K
BENROEERZ R LT b D TH D, T 2 CTKREZNROEIE Runner A D %03 i COE & DAHKHE,
WA T T ORI T DR & OFHE T~ LTV %23, Runner B |% Runner A {25}
LT, K& B/INREIZ T TRV ESHI CHRDE N E NI FER L R-> TR Y, K&EDIFET 1%

88



BRI B9 5 L0 D RERBME DT,

KREE LY AT DKV Eifb Sz T 7 OVEREZAREAERIZ K 0 ARER 2 DT T izon
CHEREDMREZ MRRE L 7oAE 5L, Boiifl T DY S < FFli 2172 Runner B 13 Runner A (2%} L, 78R
BT HIBRIMER S UK L TOD E W I RERMF SN, (R R L REEORBENS S
b b S AT LDOFMICIEN 2N 2 L MR STz, £z, LN S, KENRENE T &
EPERR LD KL TV D Z & bR C&E T,

335 BT AT ALICL D BEEEL AT LAOBEDE LD

AN & 7 F 2 v ZKET o FOFPREEN T 7 7T L& BRI T L3 X WITHASA A TERT L
Bty AT DEREE L, KIEHE (Ngp=0.08) D7 T ¥ ZAKET T Of{bic@A L, LLTFo
e RAME DIV,

) BT LWk 27 A2 L0 BRIBEUZIE U7z 7 IR DA b2y fIRE T d 5,

2y mEfbickvEoNT AL — by —FEHWHZ LICL Y, BADEEE L OREITICK LT
BT T BB IRT 5 2 LR ARETh D,

3) RS2 T T IAWERRHPH CRE A L L, R RSB T %R BT S, £z,
B E TR vy BT — 3 VRN, OKIENRENREME & b BT MR A RO,

&

34 BEHTAITY XA L ERFEIECE S 7 v HRREEEFEORET

33 EITIHRIEE 7 T o v AKBIR O Rk 2 B L LT, T ABERGH v 7T A L
WraBam 7 v 3 U X AHASAA T BB LS AT (16 E R L, ZOFEMEZH LN LT,
eI, BAFERIGR DK Ul & I feiiifb A FEhi L C & 72720, FaiifbicR W Z 2 L CTue,
BIRAT L2 X AT RBIBRGE S L2 FETH 508, okl S KRR A LE L 705, —J7,
ERFHETEI D VWA TE OFAEEZ LT 2 L LSO REHEL Z LN TE DR, Kk 5
fRZE RO HZ LITHEETH D, £2°C, RETIHE, SEEHET T AKET T (Ngg = 0.21) O
EPERE(LZ BDE LT, ZRMEENT VT Y X AL ERFEEE A DE T, BRI RO
RET T A= X ORHEILETT S & ERRD,

341 T REELTFE

X 3-20 127 T IRIREE L 2RO 7 v — 2R d, AIETIE, BUsRIT V=Y XA LD AR
WD 7 T 0y ZKET U OfEFT A —Z Tk U CRFPE TRk 2179, I, Zhb 0
FHNT A= I NS EGERG T A —Z ORI ATV, Bl &35 IEE DR — 2 T o OGH

89



AT S TARIT, FERFTENEIC KV B2 T RGN T A — 2 Ofiifez i 5, AFIEITLY
BARAY T LAY X AT K D e b b REEREE DK #E T TR L THERMT 2 2 &7 <,
JRFPHORREIZEMIC T 2 T G T A —2 Ofhitt &, FEBEHRAIC K 288 TORRERE L
wFEBT L NI ND,

342 BEHTAITY ZLIZE BT TR EEL

AREEEIZBWTE, F9RE bSO IEE Nge = 021) & 872D —HODHEED 7 Z 2 v AKE T
T OEELEATY, WICERGTEIAC L Db L W) FIAL 2%, ZOEE, BIsi)7 /L= X4
(2L DT T TARORIEIZ DD (Noe =0.14, Nog=0.25) O/KFII)F L THERE Lz, AHiO
7 U IREGEIC TGN T A — 2133 Hi LA U 30 Ok T A —% & iz,

3421 AT

FENT THEICIX Z N E T L AEE ke BLFEET V% IV /- RANS OFBRATELEZ HV, & 3 IRICENT
AT o7, T 2 ETHRAEY Th D, ARRE(LOMRITELRED T T v ZKETH D,
HHERES 2D E, 70T FRORE LEORIOEIG HRE R, T T LR LEDOTHL)
o T T MRBICKE RPEEZ RITT I LD, TERITT TR LE L Lz, 723, BI5HY
TN X5 AW TeREIZ BT, TS R L7020 2 Lns, TR &2 8 5729
FUFIZOWTIIR I By F L L, RSO T ) & FRIEGOR I UE OB EIX~ /LT 7 L—2A
THe LTz, X 321 ITHRATE T VN O— Bl 2 i’ fEATRS iR ofe i, 97 > F-#159 THY 110,000 /4,

Wt LR TR 140,000 S5 & Lz, WBR D& 7 1A de - 2 LA (I A s SRtk 2 L7z,
TABERGAFCB L CiE, KERN T EFO AT —_—1 « A R FERE O FEaU bt £ 5
Z 2 F NN TR T M) U T B o34 2 B HE LT, BB RSHEE h—E 0 4b %
WA L7z, BEEIZOWTIE, B2 LOSME L,

3422 HIYB%E
ALK ESRE A2 BRI E LTWATZD, Tk LE ToORERSZ BRUBEEE L,
Z B XOWH LE COLTEHRIDEFRAEZ LU FITORT,

1) ? :/ﬂ_/ﬂé}j_ﬂ:ﬁgi Ptloss—r

Priossr = APic — Hy,

(Y
(Y
A

AP, T A OoOeTEE

90



Hy, C 7 U AAH O OREREE

2) WM LUEREERER  Piosd
Priossa = APq
ZZT,
APy o W LEADH A OREE

Z P EREE IRV T, T aEEAE T R EERIIRE UEREEAZ R LEDhYE
lz2oz BB L T#EE LT,

3423 BT LT Y XA K D EGEb T TE
ABEIORGEIZIBNTIE, Noe = 0.25 OFGE{IZI) T 100%ik Bl W\ Cligiifb 2 Efi L, 2
DFEFAFONT= T T E WIS LT, 80%lieE, 100%iaE, 115%ED 3 M TS b bz Fhi
L7z F72, Nop=0.14 OEGHE{GIZISUNTIE 100%31 AR T O A iifb & FEki L7z,

72 3-3 ({2 S L 72 B DK/ T XA — X Zom T,

3424 BRI LY RS KD Hi bk R
BB T LY X% W ZOOHHE (Ngp=0.14, Nop=0.25) D7 7 2 v AKET L F Dy

{ERERIZ OV TR D,

Nop=025 7 7 > o AJKHL 100%i B AU 350 B i ks

R U72X 9102, HEE Nogg= 025 D7 T3 ZKEITBWTIE, £3° 100%iEOF#E b & F2hiE
L, TO#% 3 ERAICEBIT D&t &V D FlEZER-> T\ 5, X 3-22 (ZaiEb D@27~ ekl
HiBS A, MlIRGEs2rd, 2 2C, HMBIBUIIIERZ 0 o BB 2 A%t T
LTW5, HBYBTEIIER GG 2 DIZOMURZ IS 72> TEB Y, RE{EDEALTND Z & A
Db, £, BREGET CTIIREAREZRZOL O L Bbhd L9 REMICEEMET T 28 b Ao
Do K324 12037 KW UEBEO N L — MNZRT, T F ORI 258, Wi
LEDHERIRELSRDE IR L —FFT7DBRICR>TWD ZLibhrd, 2D L, T
FORFHIBO UL FROWE LS TORKEBE LT-7 T REABLETH L Z L Nbind,

Nop=025 75 o 2 A/KEL 3 3R RIS D S R
100%3t Sl Z 31T D A b S A g & U C, 3 dlinm CoRai b2 90E Lz, famibiE 100%i

91



BRDIFNT, 115%0 #EiER R, 80% i sdfii M 23 E L7z, X 3-25 12 3 D O#is R CORiE{b O fE
%R, MR EICIT 5 BRBIOER T ) & Db, BlIRGEHE 477, 22T,
HIREIE T v 2R e LERTERAZ R LADELLOTH D, 100%FEAICBO T,
WIIE A 100% A 1 A Ciaii{b L7c b O E LTV DH 720, sxaHEEDME 2 T BB OIKT
TERONRND,  115%i 8 80%0dHis M DR I T b3 T o (I SR < IZ A RIBSEME T L, i
ERHEIT LTS Z oD Dd, X326 IZIFA IR OEA N L — MNAZRT, HiRRIC LD hL—
R4 7 OBURAHREIC RN TN 5, Folib SN T TR SRk T v ) & OFARO bl & 5 L 7=,
Bt 7 & LT, K3261077 K912, 100%iEm COHEIVNS 12T T %38E L, X3-27
(RO 227723, PUBRA R AR K E K B2 > TWD Z L 3binnd,

Noe=0.25 7 7 > 2 2K ERGE L T F OYERERHh

3-28 (213 100%if BRI D PURE DL 504 2R, RN O Z b 5 &, kT
CIEPIREE O RO R, PUREERE O/ FEE TEAZBICENE L THDA,
il 7 NIRRT I AR PRA R B H PN T TR E 128318 B2k L Tng, 2
DI ONRIENDEAIC LY T o FTHE TORKMEHS TV D, Fiz, X 3-29 (21F 100%77 AR
BT A PIMRAEmIEEOEEST MLERLTWD, 777 AIOBEESY MLERD L, W7
T B THMD D ZIRENDHHIND0, FiE(bT I3k 7 1Tkt LT OB D 7202 &
BOND, ORI LY, T FNHEROEBAK G TWS EB X HILD,

4] 3-30 {27 FH 0 COMEES AR 2T, BlilE 7 o [ElR LA B RER £ T OREE R/Ry 27~ LT
BY, R lL7 RO BEER E TORHEZ R L TS, £72, MEhiIheEhfERE Cv, B LY
TR LREL Cv, 2R L TR Y, FERIT Oy, 2L Ov, 277 L TR Y, BBUIIEKRT VIR DR
Rz, TRFRTEE LT TR ORERZ R LT D, TI5%IERIZRW TS, W17 7 & S NJEMRINS,
80% it CIFAMNEANI R - 7=t & 72 o TWvd, L LZRR G, 2OV fitdhudiait 7 o7 0ix 9
DI SN TND Z LMD, ZOMY FAOINILT > FPETO 2 Wit 2l S Tngd Z
CLWTERTHHDTHY, FEft T o TR EEEHIPH T 2 Rt 23 ifil S Tngd 2 & AR LT
%o Fiz, MHLUEOHRKITT »FHOOEE ML D bORKRE L, WY fthasiflshs 2 &
TR LE CORKDEB b Wi SN D,

4 3-31 ([ZHR I 2 d, Mt 3R TR IR R A7~ 22T, #RIE 100%it a2 D¢
KT F DT R ERIH LUEHRRE R LT bOICKT 2562 R LT\, (b7 v 7 v
TR D ZRIRNVOIRIBIC £ 0 Z o F k%, W LERK L BIERT & T I AR IR S v T
Dz ENDLND,

4 3-32 I[ZITPMRE A 6% B 7 — 3 9 U4 LT < 22 5 K@ IOMEE A & LT, 115%i @ mI1C

92



BT 27 o PREOES A 23, B TPIRRE S OEXOUE, KX EROTE IR E =T,
BAFZIIARERZR S D & L THIGRRICIS T DIE 2R L TOD N, 2 DD T »F DE/HARIER
EL B o TEY, HERT7 CTIFARMITRERAMERD, ik 7 o HFH Ol TRE s
FFORMIZ/e o T D, LInLARR S, T o HAAER TOEIMREDFEAREITIZIZER Tzl > T
WHZEMNDL, ZUHOMOX v BT — g RS LIRS TH D & THISND,

Nop=0.14 7 5 L ZKEDHE

LEIEPE Nop=0.14 D7 7 2 2 ZAJKEL T L FIZ2WTUE 100%3 5 C Ok bz 566 L7, 4 3-33 105
LD R, R EIFIBERHIC BN T, 7RI L T D b 0D T K &R HY
UEIBEZ B LADETRRITER L TRy, L LARBS, REHES 1,000 22728 2AH00,
BAROBEERIME T DAERDE D, TORITREREBIT RO, K334 15— RM-ZRT
D3, Noe=0.25 [RIERIC 7 R & ARBIC b L— R 7 ORIBRAERNL TV D, F7o, KFIZHEK
DINSTeREWR T TR BT TORTHR, Z0FIRELTUTIFR LS RBRE L TnD 2 &
JARY SYIRVAR

343 FEBRHENE X2 T U RREEL

WRIZ, BT LT Y XL K DEE 6 TIE7R <, FEREHIAIC K Dbz FEhi Lz, x5 e
D HHBEEE Nop =021 Z387E LTz, ZORE, X—R L7025 T U OfRGEHT A—Z X Nog = 0.14
& 025 THSf L72@smy 7 VT U XN KD mELORRG ONIZZG T A =2 28 L, PURA
HY = RMAAF 2 — AR EEEFDFEEANTA—FERE L, TLT, ZOT70 52T T
TR DOEE LA Efi U7z, 4 3-35 ICRGEHY v —Z2 s, WAVt 2 e 7 o T IR O faiiifb Tt
B S RATREEE N T 5, 77— U 7 BRI UE £ TORKMNT 245 2 & CRATREEL LM
T 20, EEGICHEATDITIIZRRRHEAE L TLE S, 20k, TV TREITA—Z DK
WL T, TiERE 7 T L LE DR E L, TR OB 2 X -7, Z O, ADSERSEME
ELTIE, ST RNPSBONDHA FN— H O TOMES &2 AT, RIZ, EBRFEEC
DX T TR ORE LN K DR T ZAT 5, ZOMERE TR RICIE S &, iREt T X
— X DEREEfRAT, T RGN T A—Z Ot a Ef T 5,

3431 JLAVOfEHT

KWFED T T TR IR TR ERHIPE TOm MR 2 X 5 720, REtREET 4 S0
A RR—=UBREET, i 3 DOMERBUS TRIVIIT 2 325 L, MREDFHIiZ1T>7, X 3-36
VT RO Z2 "3, 7 TR O I3 TR 12 DT R T O R VTR 2R &

93



L, ®v b7 —3a ML 2 PR OIE R 2 HIREI & U7z, X 3-37 Ik fift s L O
7 TR O 7 L 2 7m AR R BT AT T 14,000,000 55, T T kiC

FBUNTITHK 5,500,000 K Th D, ADBESRFAFIREMNTHERD R OND T o A0 OHE A%
VY, Z o W LI Frozen-Rotor A % —7 = — A& e,

3432 FERGHENEICEES < b o R

FEBREHANEIC LD & T U FTRIR ORI b & FEfi LTz, Afoifbicisn iy, £ 3-4 1087 8 DD
T A=K T LIS [HAZRK A W Tlaiifb & 92k L7z, adfblZdsn T, #Eism COHRKITH
FRAEARR T, BREHRCORKER/NERD KON TA—ZDREZ{ToTz, K 3-38 IZ—Hl& LT,
XA CORNRITRT D BRI A7~ d, ML SN CRERFRE AT, ARIZIBWT, KKHED
ERRELSRDENEDRFELS DI EEZRLTND, DFV, TXTOERKTRGED G 725 KHE
ARETIUTRF R CTONRPENT TR ERETT 2 LR REE 0D, 12721, REHHRLSD
BERRLX v BT — g UEREAR EORIRIC XV RIEEIT SRR > T 5, RERDRKZ S LI, il
IRTA—BDOREEEATo T, BEINI/NT A—F %X 3-38 FUZORITRY, B, itm oz
R EIRD X IpRT A=F i S Tnd, K339 12— T U F Lt 7 T DR O
W & RGO PHIZ IS 1T 2 PR COWMNDOER T2 v g, N—RA T 7T, PURESmO A AR
IZBWTZ 70 mbAy RERIZHADN DR AFEAE L TWED, Fibk 7 2BV TR
TOMF Y FAHIH S TND Z EW0D, ZOMRY NOIE72 CEZ LY, 7T NEHOHE
KD BRI S 407z, (X340 (ZITR M LIRS T 2D 7 —~ v T RE R~ T, REaibizisn
T PR AIRITEE L T e®, I LE TOFMAUCIIR E RIEWVITBN TE 6T, K
ELTHIAEEDLRWER L5 TS,

344 HERUBREERER
TRAVEATIC KV Ieiifb SN2 T T OMERERGEZAT © 7o, FREER 2 520 U7z, X 3-41 (ZHUREK
Bk 2o, RAERERIC W 7 O R Dyid 350mm & L, HAGERRED LA /)L R Rey
1359 7x10° TH D, X 3-42 [FHFHR ORI RS R 2~ WA KOS O S
67 v FBIOR—AT o OFIENTE R %, TR, B, sfiEThzhdts o), <=2
TroFBIOERT v ORARBERE £ L WD, 2, 77 700E, SR LEkT T 0
BN RO, R OMHIMETR T LTS, AERND, Rk ek o icki L
T, BT 1.7% & RIBICBHENRH ELCTND 2 E0Bmnd, £, BEATALIY XKL D
B TRONTERI/ T A—F X=X L LTEEILIEN—RA T BN T, (RIS L
TIERIBIDERE ELTNDZERnD Db, ZOZEND, BIBMT Y XL & FEREHEE 2

94



AR TIABETHEIL T T IRAROBRE AR FIETH L LFHETE 5,

345 BEOTLITY XA EERFEVECL S TV RREEEFEORMOE L

ABFFETIE, BIBT LT Y XWX REAR 2 SOHEEOKEIZS LT T o F TR ORI
IMIL, SOIZEORFRT A =2 BT, MIGEREAKEICBT 5 7 v O A FEEREHEE

ISV ER Lz, O, Bt SR EOKEIZBW T, fEkT Ik L CRIBICRhER R
THT T ERBETLZENHKTZ, 202D, KRFEZHWAZ L TRIEMT VT U AAIZEL
% IR R A R COKRBETGIR OB ICE T2 2 & 72 <, BT VT ) X ADOEGEERE T
— A=A L L, BRKIREE DG NT A—2 i U, FEBREHENE TN T A — & ORI il
b3+ 2 2 & T, EUH TEMEREKEDHRENAIREL 2% Liftam O bivd,

723, AENZB W TR T LT Y XA THHE Nop=0.14 & Nop =0.25 0 2 DO L O /K 2
X LCT T RO LA FE U723, 3.3 HiCHEM L7z s Nop = 0.08 Db a7 — 2~
— AL LTHIADZET, Nop=0.08 725 Nop =025 F TOIR O K B U CEBRFHEES T
CTREMIMICRE LA T2 Z LD HRETH D,

3.5 RIFEEELFIEC X 5 7 v HRIREEL

3.3 i, 3.4 HiE TIZHY LT 72807 0 T U X NI EM ORI IS T BRI b TA(17)
ThY, 77V AKET T ORBILCHENRRE(LTIETH D Z LRSSz, —J7, BIcHY
T3 R AP O E#E L TYE L Lo o = — Lok FRERom b 22 E0 b B, KRR
BT A OEMITENIC E » M LTc L SN Db TFETH Y, ki (Particle) OFE (Swarm) 723
LWIROIFRZ AT, HAEFERERORNOFRFHRREZED 5 LWV bDTH D, FRFIFNLE &
WEZA L, BT OF LWMLEIEE AT v T OH LWHEFRIC L > TEH SN D Z LT, Al
ERBRTHHLDTHD, ZORFHmHE L —2>D BRBEERORELDOT-OIIHE SN D TH S
B, ARETITZ HARECRIBIZE T 2 72 OIS S Fik (18) /v,

AREITIE, ZHWRFRERELE VT, SHHE Y 7 0 v AKET U oEtiREbE: B E LT
Rt/ N7 A =2 Ot AT > To Pl OV TG T 5,

351 BT DY XA ERTREGELD 2 D DOBGE L TED HBHRET
ARETIL, Rt FEE L TEREREIVT LY XA SR REEE{LD 2 DOFEE AW RIS 5
W LEEAERm L, FMmEIT O,

3

W

%

95



3511 7RG

7 TR O R CE T DT DIIET CFTRRIFEIE ST A =22 L > TERINDLLENR B D,
RYAT BTET P FFEIAR, PR, 3 YOrPRIGIRZ 27 ORGH T A=KV ERTD
EITL TV D, ZORFNTA—ZEZEEEDZ LT VERA T T TRIROERGE DI ATRE & 72 o
TWD, bk, AEICBWTIE, JoyFARES S, T FHBRICOWTI—EEE Ve,

3.5.1.2  URAVAAT

2 TEREE ke ELIEET V& AW E R 3 T 21T - 72, AREE(LORMGULEHEED 7 Z v
AKHETZ FTHHD, T FAOORRIT EROAT —_—2, TA RX— 05 OFAURTT S
LMD, FUF EROAT ==, HA RR—2 ORI S, T 2T OfMTHER L 2 X o
VI T VA B =T 2= AN T T U R R LT, £, mbEE T T v
AKHNZBD IR UEHERENE I 7o TL D728, W UE BT E Lz, W LEOfif
HrIXHUR DM 2 F2hE L7278, Z OB, W U OfITICIS T 2 AR SIECIZ ERE T T Ofs R
PANOAG B IV DL 53 & JE 5 AN LT B A i F L7z, X 3-43 ISR A v v 2 &R, 2
T, BEBOA v 25X, AT == A R—03K 64,000 55, 7 2713 113,000 45,
W H LA 1349 146,000 51 CTH 5,

WBEEANJE D5 TA) g 2 B TR S SRt dE A L, R LI O W TR R L2 X 5 i
Z T DR EE 53R 2 JE T TN U Tl B S0 A & JETBUE LT, DRSS A E ) — 8
DEIEZEH LTz, BEEICOWTITED 22 LSS L,

3513 RiFiERoE b FE

BB LI LB BEDITERER DY 2 2 L— a3 U bAENETIET, SERMIIMRZERIZR
TIROEIDBTH Y, FRATOLE &R EDOTEREFF DO, FELD A L N— T RUWMLEIZ OV CTREHRASH L,
TSV THI ONE L HEZ T D, b BUVLEICW DRI TR EE~OEHZITI L L
(2B — VIR A S OALEIZW DRI D35 DR FREZIBENT 5 &L 9 A S —[ROIFHRIRED 72 &
A, ALE EHEORFPMEEY RIS D, (E & EEDOFHIILL FORE HWTIThi, ZAA ik
SND, K344\24 A=V RHERT,

X+ 1) =X@) + V¢t +1)

V(t+1)=a)><V(t) + C1XR1X(pbest - X(t)) + CZXRZX(gbest - X(t))

|t
(Y

X S AR AR

96



14 o RO

t N X

Gest D BERROR B O E
Dhest s JRPTHY R R R OALE
w o IBMEEE

G, G RIEIG

R,R, : & (0~1)

AT NN XA, EIROBREMEEZ D120 THRRMEMZ ARG ITER D 2 ENTE, JRFTFORE
NSRRI RR E T —DDELINT A —F 2 BRB T LTS TE 5720, PLHAEREWE S
NTW5D, £, R L TFEITREN T L 2 Y XA AR L &b, B -
AR E LI A D FIETH D, X 345127 R b 2R0 7 0 —427571,

3.5.14 B LR R O i

BOECFEORE 2 S HITAT 5 729, BRIBEEE L CiE&REhmicisir 2 7 78 ok JH,
M LERNEOBR Hy & Lz, AEGELFIEORFHIB N T, 70 FRE ST 2 — 24803
21 D/8T A —H F W Cllifb 2 %l L7z,

HIHIIR & LTiX 170 D F o F ik & Ay, 6 HAREELEH R 4 320 L7z, X 3-46 [IZHIITRR O
N L— MRS, ORENIR N UENSOBER AR, %, L7 8 ok AH, 257,
3-47 [ZEGEALRE RN O/ BTN L — P E RS, X 3-47()I R K K DR R %,
3-47(b) \THEARIIT LT Y XA X D bR R 2~ T, 2 2 DOFEOFE IR Z T2 &,
TR CRd /3 b— b 71 & NI REROE KT K DRERD G D30T CTlddd 553 Tl & #5031
SRAGMNCH Y, W CRATREECCIRR R E L TFHED T RN B E ORI E LN TV DRER L > T
Do TOTEMND, NAHREREILTFIEICELD T VT REIAFETH D & L7,

352 T UrBRE#Ek
B TFEORFNC L0, R FEERE L TEOBEHANTTRETH D LM S n-720, KFiEE
WT T Ik O b & S5k L 7=,

3.52.1 HAYBE%E
KREHEAIZBWTIE, JEVEERPH COMRER B2 AR E T 5720, X 3-48 1ZRT 16 OEfRS T
I U=, HAOBEERIIERE S (A) & KEMALERS (B) , /NiEMALERS B) O 3 EissIZBT

97



HAKBZIRE L, 7T AOBLOHAOOF ¥ E 57— 3 UHEREERHIIREI L L, KESHEL LD
%o BT — 3 3 VRIS OW T FO AR LTz,

IR BRI TIA VAR e & — U CTAE 2 O CEIT 5, FAUBITC LY, RTF—_—r - 3
A RR—REEE Y OK AHy,, 720 OEKAH, Tt VENEOER AHy 3RO Hivs,
¥72, r—v T OBRRAHNOWTI—RBEEITR CRET 2, ZhoDEE VWS Z LT, KK
BNU%FE H LRI gy, KEZDR I TN LERTE 2,

H=H+( . + JHy+ AH+ AHy)
nu=H./H
nT=1u X 1v > M

T, ISEERDER gy, BERZER v 1 JISME S-008-1999 (2 L W EH LT,

F¥ T — g MEE
Xy BT — 3 g UHERRIEPIRA AT & Y AT OPIAR 1 D FE I REL C, DARME CTREAT L 7=, 7235,
JEDMREC I T OXTER S LD,

Cp:(Hb—Hd)/H

I,
Hy, :  PHRmET
Hy @ v FHRiEEEd
Th D, mECERFORIRME L LTX, kT T OMTRE RN B30 2 R Z#EM LT,

3522 IELRER

-FC HAYBIEL & HIRRBIE A AT, 27 DT T aRENT A — X Ot a FEhi L7z, FaiE kORI
EAEIE 42 & L, 25 #ARCRasi ka4 506 L7,

] 3-49 |ZAGT A & AR AU 1 D KB RD /N L — M ATRT, i, AT chenatk
7 T TR OB TR STAE LT3k E R KON ARIE R ORE A R, RS — MR BRR
SR TIROEOENT T IIER T o ITx U 03% L= [ LT DR EF LN TN D H 00,
A RIERAIZ IV T 0.1%FRE DR m L& > T,

4 3-50 1%, HAIBIEK & HIRREIEGS KUY, REMRANEER O B Mk~ Yy 7 Th 2, HCHMkME
~ v AIZRGTOEHFE OB ZARR (<13 2 Kon) IC5BT 22 LIChy, SEBOMBEZER
FIC L B2 DT ENWRERTFETH D, 7HA VAL THREADOE NS DIFFE L=y MIEE I,

98



=y MEOEEELG TS DIFMERE <, 2=y MHEIOEREDNEWIGE IR ATHREMELS 22 5
FORWEL 2D, BRERDZ & T, BHEEORENRMBAZHR CE L0, MRBLTL7HA
VINEGEND L=y N ZEOENE T 5 Z L CRFTNZMEBEA MR T H 2 LN TE, £z, HWY
BB DOUCER D D EBEZCSETL L EOPREMETRINCE DA H LN TE D, [K3-50 (ZI3/KEL)
FLXy T — v 3 UHEREICKHT S B e~ v T ER T, P OBEAITIEES BV O BN
BV, Ry BT a UHERERRWY) ZRL TS, BIERICONWTAD &, iBAMEL S & 55 AN
HIEUTAOHBEN®H 0, e &M EHELE S CIXEOHENRH L Z E03mnd, £z, e
Fr BT =g VRIS OV TAD &, IAMELRA TOZREHAF Y ©F7 — g UPEREITA D
BN D Z LoD, X349 THREZIENEWT 1L, A MIELR S TOREEOMm EEA/ NI
FEREROTNDZ LT, ZOMENL LI TE S, A6, BHOMkb~ v 713 BB & iR
BIZOWTDOIMER LTS, T FTRREREI T A—=ZIZOWTHIERT 5 2 & T, HRE~DAKET
INT A= DRBEGITT D Z ENHKD,

RIZ, KWL TR DI T IOV TH RSl 2 S L 72, RENZRREILT T L LT, &
FHRTCORENR b @MW T U E i L, X349 1I2hhit L7277 v otfe a2 LT, X 3-51 125
BT v L9k T RO Z 7T, £, K3-50 IZEE(LT TR T 5=y M AR

TRT, X3-50 &0, AR LIckmARERO T T ihEgha=y F IV D LA D=y |
RS ETRENELZILICA EISED Z LITFREL 2227, IBAREI R ONRPE R T T 5
ZENRTREIND,

B 3-52 \ZHERT ) Lt T o F ORRE RIS OEER I 36T D BEFE R O DR T 27~
PR T I MRIE T E OPIRA DT TY T 7 2 hv b3y RIZT THROD RIS EAE L T D
2, FEb T ISR I SR TWD 2 ER G D, ORI OEIZ L T )N
OERMEEL TNDEEZ HILD,

¥ 3-53 (2R EHRUIFIT I 1 2 LEREIOWER 2773, Tl 7 —~ v 786 KOO A
WEZRLTWD, k7 7, &bk e b, W LENEOTIULIEE A EhERE 2 Fiz7eu
AT T D, W LEAADOBRE S Z LT 5 &, kT o idmiiEt 7 o icke, ik
DADAMENZ T THEME T DR 6400078, Faifl 7 I DWW T B EE O R i
NS, TERT IR R RT E Zro TW D, T, W UEH A OE S MICBNTE,
KT o FOF N EEAT TN R TSR E S RoTWD Z DD, 20X, %
H UENEOTIICI DT HIER T I~ b 7 o F ORI A L— X2 > TR Y, Zan
BPROIEBUZ SRR > TNDH EB R HID,

99



353 RITEEE(LTFEOELED
AWFZE T, KA R L TFEZ W= T TR O (b2 Ei L, ULFOMmANG b,

1) CRIFRERIE(CTFEE WD Z & T, KRB FETH DB T VT Y XL EFEERIZ, KE
7 T TIRIRIE LS FTRETH D,

2) KFHEREEFEZ AW U TTRROKREIZE Y, @0F v BT — g UMERE & R ST
PO LA WNL LT 7 T TR OB AR TH 5,

3) HOeMib~y 7235 28T, RET A —=F OKRIVEREA~DZBZ RN R D Z &2
AREL 720, KIMERED b L — FA T ORERABE LI T T IRREREI D FREL 72 %,

PULED X ST, KFRERE(E AT T TR E S D T KR ORI B LIS AR R FIETH D
Z LR SN,

36 L0
KETIE, 77 AKET T Otttz AR E LTI T TRIRBERE(L Y 2T D2 HEEL,
LT Offim 1572,

1) ZUTRIREGH T 17T AL FAVENT 2 BT L2 X AOE LY AT AMIFHARIAT Z 21T
£V 7o BB AT AR TE I, RURT AL, IR ) O & s F CIA HiAHE
FHCREMRER T 7 v AKET o ORGHIARTH Y, HlEE Nop=0.08 D7 T 2 ZKHET L FIT
BN TIRERIFRIZBNT 1%DR=E LW S FERPF DI,

2) BIEMIT7NATY ANZED T o FRREAERE T — 2 _X—2 L LTV, EBRFHEEIC LD
7 TR EEE AT O 2 & T, BRAx RIEEIZBIT L7 T UV AKET T O b a2 EHIRICAT
DTENTELH T LamLic, 7, KELTFIEZ EHE Nop=021 D7 7 2 ZKET - F i
L7fiR, fmzh=R T L7%Dh3Ra L& W ) fERG O T,

3) K fEHRE(ETEE AW 7 7 0V AKET U OfGELY AT A EBE LT L 25, BB
T Y X L% Wbl & BRI ETEREZR 7 T OBRBICAM THL Z LR LMNE I oT,

S35 3k
(1) AIRHEE, MoK EERPEIC RIFE S AT —— A JE DR AR & i SCEE. B R 51(465),

1666-1671, 1985-05-25

100



@

€)

4)

©)

(©6)

™
®)

)

(10)

(11)

(12)

(13)

(14)

(15)

EAARBBE, M oKFEARAT —_—2 A RRX—2 ORI 554 OWFGE” 2 — R
Vol. 17 (1989) No. 10 P 619-623
BOMAT, MoKERT ==, A R_— 80 O ZRITHNT 2 — R 20(5),
295-300, 1992
JUEE B, ILE 8007 T Y AKEOREIC RIE TR LE A DT OAORE A
PR i SCEE. B i 49(446), 2086-2093, 1983-10-25
SIAHIE, fth, < RFE 7S 0k UEMERERIZ RO, 5 33 |4 — R A
)

|22 ,(1994-11), 43.

E)IFD, e T HUE 2 K DBEBOKED U ST Y o i OB =228 THE#  Vol.39
No.3 (2002_5)

BORIES, T T 2V ZOKET T OB AN E LR Vol.76 No.9 2003

Sugishita, K. et al., “Rehabilitation of 57.4MW Francis Turbine by Using CFD Analysis”,Hydro2001,
Waterpower & Dams, September 2001

Kanzaki,M. et al. “The Design Optimization of Intake/Exhaust Performance of a Car Engine Using
MOGA”, EUROGEN 2001, Athens, Sep 2001

Matsuo,.A. et al. “Turbine airfoil optimization by Genetic Algorithm”, Proceedings The 7™ Asian
International Conference on Fluid Machinery , Fukuoka, Oct 2003

S.Kirkpatric,Optimization by Simulated Annealing: Quantitative Studies, J. of Statistical Physics,
34-5/6,1984,975

K.E.Parsopoulos and M.N. Vrahatis, Recent approaches to global optimization problems through
Particle Swarm Optimization, Natural Computing,1,(2002),pp.235-306

AR, 7 Z v AKET o OF v BT — 3 UMEREN RIS 28198, 5 13 [y BT —
va ATV UARTY T L, 2006 46 H

Kazuyuki Nakamura, et al “Design Optimization of a Low Specific Speed Francis Turbine Runner”,24th
IAHR symposium, 2008

Kazuyuki NAKAMURA, et al “Design Optimization of a Francis Turbine Draft Tube by Using Multi

Objective Genetic Algorithm”, 23™ IAHR Symposium,2006, Yokohama JAPAN
101



(16) Enomoto,.Y. et al. “Design Optimization of a Francis Turbine Runner using Multi-Objective Genetic
Algorithm”, Proceedings The 22™ IAHR Symposium, 2004, Stockholm

(17)  Enomoto,.Y. et al. “Design optimization of a high specific speed Francis turbine runner”, Proceedings
26™ IAHR Symposium, 2012, Beijing, China
(18) Sanaz Mostaghim, Multi-objective Evolutionary Algorithms: Data structures, Convergence and,

Diversity, Sharker Verlag, PhD Thesis,2004

102



Initial population

r

Generation

New population

Termination

Crossover* Mutation

_——————d

Fig. 3-1 Scheme of optimization process
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Inlet height

Runner outlet diameter

Fig. 3-2 Runner design parameter
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Fig. 3-3 Computational domain and grids

Table 3-1 GA parameters

Number of generation 40
Number of individual population 50
Probability of crossover 0.7
Probability of mutation 0.05
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(a) Iso-surface of secondary flow velocity magnitude

(b) Surface flow

Fig. 3-4 CFD results of the conventional runner at 100% discharge condition
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Fig. 3-6 Pareto solutions in the objective functions space
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Fig. 3-7 Pareto solutions in the objective functions space
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(a) Runner A

(b) Runner B

Fig. 3-8 Comparison of runner shape
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(b) Runner B

Fig. 3-9 Surface flow at 100% discharge condition
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Fig. 3-10 Pressure color map on runner blade surface at 120% discharge condition
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Pressure transducer \

Fig. 3-12 Section view of model test equipment

Table 3-2 Principal dimension of model test equipment

Runner A Runner B

Runner outlet diameter 329.4mm 329.4mm
Number of runner vane 17 17
Number of guide vane 20 20
Number of stay vane 10 10
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(2) Runner B

Fig. 3-13 Model runners
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Runner Shape Optimization Using MOGA for 2
Specific Speed Francis Turbine Runners
(Npe=0.14, 0.25)
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Selection of Design Parameter

Vi

Runner Shape Optimization Using DOE for
Design Specific Speed Runner
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Fig. 3-20 Flowchart of runner shape optimization
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(@) Npe=025

(b) Noe=0.14

Fig. 3-21 Computational domain and grids
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(a) Nop=025

Table 3-3 Specification of GA optimization

Runner optimization at one

operation point

Runner optimization at three

operation points

Number of generation 50 30
Population of individual 58 58
Probability of crossover 0.70 0.70
Probability of mutation 0.05 0.05

(b) Nop=0.14

Runner optimization at one

operation point

Number of generation 50
Population of individual 58
Probability of crossover 0.70
Probability of mutation 0.05
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(a)  Conventional runner

(b)  Optimized runner

Fig. 3-27 Comparison of runner shape
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(a) Conventional runner (b) Optimized runner

Fig. 3-28 Static pressure contours on runner blade surface (100% discharge)
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Fig. 3-29 Velocity vectors near runner blade suction side surface (100% discharge)
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Table 3-4 Design parameters in DOE
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(b) Optimized runner

Fig. 3-39 Runner shape and surface flow at design point

137



¥ High

Low

(a) Base runner

(b) Optimized runner

Fig. 3-40 Velocity color maps in draft tube
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Fig. 3-42 Model test results
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(a) Runner coupled stationary vanes (b) Draft tube

Fig. 3-43 Computational domain for runner optimization

X(t+1)

Fig. 3-44 Algorithm of particle swarm optimization
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Fig. 3-45 Scheme of optimization process
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(1) partial load (2) design point (3) over load
(a) Turbine efficiency 1

(1) runner outlet (2) runner inlet

(b) Pressure coefficient Cp

Fig. 3-50 Self organizing map
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(a) Conventional runner

(b) Optimized runner

Fig. 3-51 Solid model of runner
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(a) Conventional runner (b) Optimized runner

Fig. 3-52 Oil flow on runner near design point
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(a) Conventional runner (b) Optimized runner

Fig. 3-53 Streamline in draft tube near design point
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Fig. 4-1 Schematic view of model test equipment
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Fig. 4-7 Phenomena at upper draft tube
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Fig. 4-14 Phenomena at upper draft tube
(am=88%, ngp=0.44, ov=0.24)
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Wall of draft tube

Fig. 4-17 Schematic view of instability vibration
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