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Study of Design Optimization for a Rocket Turbopump Turbine

Junya TAKIDA

Abstract

This paper describes the optimization results for a rocket turbopump turbine obtained by using the “Robust Design
Process” and “Multi-Objective Genetic Algorithm” (i.e., MOGA). The results of the study contributed to the
improvement of the design capability of a rocket turbopump turbine.

A large liquid rocket system uses a turbopump to pressurize the propellant fed to the engine. A turbopump,
characterized as one of main components of the liquid rocket engine, is a fluid machine for pumping the propellant
into the combustion chamber by suctioning low-pressure cryogenic propellant from the propellant tank. Therefore, a
turbopump is considered to be the heart of the rocket engine. A turbopump consists of a turbine and a centrifugal
impeller, which are connected by coaxial and supported by two sets of ball bearings. The role of a rocket turbopump
turbine is to convert the enthalpy of working fluid of the turbine to the enthalpy of the working fluid of the pump.

In the development of a turbopump, shaft vibration is one of the most important problems, and the rotor dynamic
force in the turbine (i.e., Thomas Force) is one of the causes of shaft vibration of the turbopump. Thomas Force is
due to fluid-structure interaction in a turbine with non-axisymmetric tip clearance. In a turbine undergoing
transverse vibrations, the portion of the blading with the smaller tip gap would produce a greater tangential driving
force than its 180 deg opposite portion. Upon integration, this difference in work extraction results in a cross force
tending to promote forward whirl. This can be a powerful positive feedback mechanism, leading to rotor dynamic
instability. Actually, in the past engine development in Japan, there was a shaft vibration problem due to Thomas
Force. Reducing the Thomas force is a valid approach from the view point of reducing the shaft vibration of a
turbopump. A number of studies related to Thomas Force have been made over the years, however, because there
have been few previous studies on the reduction of the Thomas Force, the effect of turbine design parameter for
Thomas force remains  unclear.

There is also another problem related to designing a rocket turbopump turbine. In recent rocket engines, the
expander bleed cycle tends to be selected in order to simplify the engine system and improve reliability of the whole
engine. Due to its special specifications, many turbopump turbines are designed as impulse turbines which have
higher loading and blades with an extremely low aspect ratio. In such a situation, it is difficult to predict turbine
efficiency accurately in the system design phase of the rocket engine. Therefore, further improvement in turbine
design techniques is needed because turbine performance directly affects engine performance and reliability in a
liquid rocket propulsion system. Given this background, the purpose of the present study was to perform
multi-objective optimization for reducing Thomas Force by using a newly proposed optimization process that
combines Quality Function Deployment (i.e., QFD) and the Robust Design Process (i.e., Parameter Design).

Firstly, in order to evaluate the accuracy of the existing one-dimensional loss model, one-dimensional analysis by
using the specifications of existing rocket turbopump turbines was carried out. Furthermore, by using steady
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three-dimensional CFD analyses, parametric studies of the major design variables such as tip clearance, blade
loading, and blade aspect ratio were carried out. The results clarified the cause of the reduction of accuracy of
one-dimensional prediction of turbine efficiency. The one-dimensional loss model was found to underestimate the
loss under the condition of a blade with a low aspect ratio. From comparison between the existing one-dimensional
loss models, it was also found that the "Craig & Cox model" could reproduce the tendency for blade loading
correctly. Since an optimum turbine would be selected based on the analysis results for over 10,000 points in this
optimization process, it was necessary to shorten the calculation time by using one-dimensional analysis. Therefore,
from this result, the Craig & Cox model was selected as the one-dimensional loss model for use in the optimization.

In this optimization process, QFD was performed as the first step, and Parameter Design and MOGA optimization
were performed as the second step. Therefore, the purpose of QFD was to visualize “the \Woice of the Market” (i.e.,
Market Needs) which were essential for optimization of rocket turbopump turbines to identify important design
parameters. The procedure of QFD was as follows. Firstly, acquisition of quality requirements was performed.
“Market Needs” for rocket turbopump turbine of various stakeholders should be understood and also visualized.
Therefore, interviews and an AHP survey of the stakeholders such as turbopump designers, rocket engine designers,
manufacturer and inspectors were conducted. Based on the results of the AHP survey, the degree of importance of
the quality requirements was calculated. From these results, “Market Needs” of the rocket turbopump turbine as
specified by each stakeholder was clarified. Secondly, conversion to the degrees of importance for quality
characteristics was done by using a quality table. From these results, the “Market Needs” for a rocket turbopump
turbine were translated into “Technical Words” which could be understood by rocket engineers. Finally, conversion
to the degree of importance for design parameters was carried out by using technology deployment. From these
results, important design parameters which reflect “Market Needs” for a rocket turbopump turbine, such as “pitch
chord ratio of blade™ and “axial blade gap”, were identified by using the technology deployment. From the results of
QFD, criteria for selecting "important design parameters" were revealed. These "important design parameters" were
used as design variables in the optimization calculation that was performed in the second step of this optimization
process.

The LE-7 prototype Fuel Turbopump Turbine was selected as the design object in this optimization. In this
optimization, both Parameter Design and MOGA optimization by using the one-dimensional loss model were
employed. The procedure of multi-objective optimization considering the feasibility of the blade structure and
Thomas Force was as follows. Firstly, Parameter Design was conducted. The purpose of Parameter Design was to
reveal the design parameters that contribute to the reduction of Thomas Force. By performing Parameter Design for
the reduction of Thomas Force with the use of an orthogonal array, it was found that the design parameters, such as
the "exit angle of blade", and the "pitch chord ratio of blade", contribute to the reduction of Thomas Force.
Secondly, MOGA optimization was conducted. In this optimization, both of "Blade Stress" and " Turbine Weight"
were added to the objective functions in addition to reduction of Thomas Force. The approximation model of
"Turbine Weight" and "Blade Stress” was created by using the response surface method. Multi-objective
optimization that had three objective functions (i.e., turbine weight, blade stress, and Thomas Force) was performed
after validation of the accuracy of these approximation models. In order to obtain trade-off information on
multi-objective optimization, the results of the present optimization were visualized by using the Self-Organizing
Map (i.e., SOM). The SOM is a data mining method, which can show trade-off information more clearly by
projecting multi-dimensional information onto a two-dimensional surface. Since SOM of objective functions
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showed a trade-off relationship, it was indicatied that the optimum solution that satisfied all of the objective
functions could not be obtained. From this result, the turbine with the smallest weight was selected as the optimal
solution. The optimum turbine by MOGA optimization was based on one-dimensional analysis, so the effect for
reducing Thomas force was verified by using CFD analysis. In addition to the verification of Thomas force by CFD,
by using FEM, it was also confirmed that the resonance of optimum turbine could be avoided at operating speed.
From these evaluation results of the optimum turbine, it was found that optimized blade resulted in a reduction of
10% in weight, and 30% in Thomas Force, as compared with the original blade.

Furthermore, in order to evaluate the effect of Thomas Force on the stability of rotor system, a turbopump linear
dynamic simulation was conducted by using the LE-7 prototype fuel turbopump rotor system. This rotor system was
modeled by using the Finite Element Method (FEM). Its vibration characteristics were validated by the published
data. The effect of rotor dynamic force (i.e., Thomas Force) on the dynamic characteristics of the rotor system was
investigated. From this result, reduction of Thomas Force was found to be an effective measure for the suppression
of rotor vibration.

Finally, consideration of the usefulness of this optimization process which was combined QFD and Parameter
Design was conducted. The correspondence between the design parameters of the parameter design process and the
important design parameters of QFD was good. Because criteria for selecting objective functions and design
parameters were clarified from the result of QFD, the information obtained from the QFD could reinforce the
weakness of the optimization process. Therefore, the optimization process herein proposed was useful in carrying
out optimization for meeting the “Market Needs” of the stakeholders.

Through the present study, the ability to perform multi-objective optimization considering the rotor dynamic force
of rocket turbopump turbine could be obtained. As a result, improvement of design flexibility and capability for
rocket turbopump turbine was achieved. These achievements are also useful for progress in the development of
general industrial turbo machinery in addition to the development of rocket turbopumps.

- 1ii-

This document is provided by JAXA.



- iV'

This document is provided by JAXA.



BHR

B1E :
1.1 AR OE M-t ttittiataaaaassstaattstasaasssssttasssssanns 1
1.2 EFDAF DT rrrrrrs s s st sssssaseaa st ssaasaassasssssasnasnnnnnnns 5
1.3 ABFEOEB - rrrrerrrrrsarrnasarsaassrsasassnasarsnasarsnnnns o)
1.4 AR TP E -ccennuarttanasaaaasssaasssssasassssarsssssanans 10

E2F OyvyrI—RAROTHEA—ELD 1 RTBEH 11
2. 1 AEEOEM rrrrrrrrrecaaatttarstsstttaattttsatssttstsaaatiaanas 11
2 2 BETED 1 RITIEE ET LI T e e v v e e s rennnsreransserannsennns 12
2.3 BHEOSYNM—IRRVTRAI—EVOBFERBH - crrrerrre e 14
2 3. 1 R I B LU RAT T v e rnrnrnsrnrnrasenensnneneasnnns 14
2.3.2 1 RABHRAENERLABREREDLLE v rrrrrrrareeenns 16
2. 4 B7ARIREEDINGA—BREATAIZLABEETR DSt rerrerenss 18
2. 4.1 CFD fBHiEHEBETED-DOD TR v -rrrrerrmanreannannns 18
2. 4.2 INSA—BARAT AE DR TE rrrrrrrrrnssnssrsasssssssnnnnns 20
2. 4. 83 INTA—H AT AHER e vvnnr it a s a s n 24
IR+ LR T 29

F3E SEREERMICKIBFEERIHNIA—F"OERE 31
3.1 ABEOHEHM rrrrecrceearsaartaattcaatitttatstttascaatiaaarraanns 31
3.2 QFDEANRIEFHFELZHEERBILTAERvrerrrrennnnns 32
3.2 1 SEHEEERI (QFD) rrvrrrrrnrrranntrsaanerasnnesnnnnnnns 32
3.2. 2 ONAREEF (ISSA—BEEEF) serrrnrrrrrrnansssnnsrrssnnnnnns 33

v

This document is provided by JAXA.



3.2.3 REBILFIEBEQFDDIETIF - rrrrrrrrerersnnaaannnaannnns 34

3.3 QFDIZEABA/INTGA—BADEERE LM eeerrrrrrnnasnnrrannnns 36
3.3 1 TEDEZELrERAEEEEDEH r-rrrrrrrrrarnaraarnannns 38
3.3.2 REEEADEEE LT Ml rrreerrrrrrraassasrranassanrrnnnns 41
3.3.83 EERG/INTA—HODEE rrrrrrrrreanrranrrasrnasrasrnannns 43

3.4 :’ﬁl:l:;ﬁ ........................................................ 50
Ha4E nyyba—RRUVTHS—ECDOREEKE 51
4.1 EE@OHEHM - rrrrrrrrstttttttttttatatatatasaaaaaaaaanaananans 51
4.2 A—EUcELARO—AS AF SR rrrrrrrrrananrrnassnnnns 52
4.2.1 Thomas Force ISEEATHA7YMI—HRROTOMIRENEH------ 52
4. 2.2 Thomas Force MIFH A E rrrrrrrrrassnrsnasssssassnssnnsans 56
4.3 BH T RERTEIL TG -rvvvrrrrrrrrrrrrsnsssssanannnssnrrsssnns 58
I T T - - - S 58
4.3.2 BEIEFIBEBRIT T H rrrrrrrenrrarrsaranrasrasranrannns 59
4. 4 Thomas Force IEFHDT-OD/ISTA— BRI -ernrrrannrrannnrnanns 62
4. 4.1 B HEBEDE S vvrrrrrrrrrnnnansssssssasssrrrnnnnnnns 62
A 4.2 HHNE TR TE v rrerrnrrnransansanransansansansansansnns 63
4. 4.3 BEFE TFORTE -vrrrrseaaaarranaannntssnnnnnnaannannnnnnnns 67
4 A & INSA—BE AT SLDETE -wrrrrrnrrmsnrrnsnssnsnrsnnnnns 69
4. 4.5 BERNEREEIE R v errreretraratransranrarannans 70
4.5 BEHTFILTYRXLIZEDZESE L wrrrrrrreerasssasaasannnns 73
4.5 1 EEBLVER NG EHME LT --rrrrrrrrrrarnrnananns 73
4.5 2 BEILEIREIETE v s rrrrrsnrasaraar et an s 78
4.5 3 BEILIERDEIBLE EAOET -rrrrrrrrrrrmasarnasans 79

- vi-

This document is provided by JAXA.



4.6 BREILEDIEMHIBELE - e s s 81

4.6.1 T E LD BB -vrrrerrranrrasnrnanssassrnanrsnnnns 81
4. 6.2 Thomas Force BN B DAREIFrrevvrrrrrernrrrassnrrnasnnnnns 84
4.6.3 EIEADEF H-r-cvrrrremrrrasnrrnasarrnasaraasnrrnannnns 86
4.6.4 HEEEEEOLIER BRI rrerrrrrassrrrnasarrnasans 87

4.7 Thomas Force BB ICL OB RIRBI R EMFTMM-------mrrmmmrrrrens 90
4.7.1 B—ARRUVTHRDETIALERBITFIR oo 90
Ry B - 2 L T T 93
Ry B T - -3 - 94

4.8 QFD ENSA—AFZEEMEE-REERATOCROEREIZDOLNTD

- T 96
A Q TR e e ettt 99
E5F fHA 100
2% Xk 104
P 32 3 ik 111
HES% 114
Uk 118

This document is provided by JAXA.



- viii-

This document is provided by JAXA.



= =
k=)
RS LT D SN AL LR L,

criBA—FR (@h5m), m

Cy: Z—Y 8l J7 [0 H, m/s

D: 5 —E PR EEE, m

F: 2 —E VB3O R LI XA UDH AR % E iR /) (Thomas Force), N
hic:Z—E T AT

AH:Z—Y o 2V 7%, Jkg

K:Z—E B8R KRR

Ky AR 025 VD Thomas Force (Cross-Coupled Stiffness) File N/m
L:A—YEr8EEX, m

M:~ o g

p: A —EVEHEYTF m

P, B3 A 042+, MPa

P ou: B3 H O 42JE, MPa

R:Z—E YR m

Ty BRI IV T T A e E ST & DIV2, N-m

To: /3T NIVT T ADLGA DRVY, N-m

Trotar: X —EVETHELDLENNVY, N-m

T BHE N D2, K

- iX'

This document is provided by JAXA.



Thou BB 1A, K
U:Z—EJEHEE, m/s

Wonrd,in: BVEL N B HIE B, m/s
Wonrd, our s BN B HY O 771 181 3K BE, m/s
Wonrd,in: BVEL N B HIE B, m/s
Woue: BB HY 0V FE SRR IE B, m/s
Wian,in: BV N A HE8% 5 0E B, m/s
W ian,our: VBN R IT 161 R BE, m/s
Z: BAMWRE (Zweifel Loading Factor)
a H—E UMKV, degree

B :Thomas /XTA—%

y HOEREE

& HA—EURLE, m

33
>3

. 7h %2
Mor_r 938 BN

This document is provided by JAXA.



E1E B

1.1 KHEOE=

T KEOTRIZARLT VE a7 o7 aby  BMNOTIT7 R EFEEIND
FORRMOWEHEar y BB SNEA SN TS, HRIZENTS H-TT X
O H-TA 27y ORI UBEINETICEOX G ECHEHENT LTS
B xITA 2 ZOREEZZITTAEFE LTS, ZRETIZ H-TA 27y ME 7
T LB 15 BEDFTH BIFITAEIL ., ZDREN 1T 95% % 2 (21 [ H 20
EOFTH D) R K HEIE LT EF 25, LU BA 1§ BN E B A K
IS FH S LY R RS S E LR A R O] P& 15 L Thp<ieoicid, 7

FTEBOMAERICEDENBOE 25 Iz, 27y hOVERE #
Mo FIZBE T8N 2 R LB RSEDLIENEE THD,

KRB Oy N TIEZ L D UAZH — KRR T H A TR 7 INE J5
PHOWHNDY, ary =P O EBEREIR THLIY — AR 7 IE, #HEtE RS
7B T DRRAKI < 4K 7 D HEME HE 2 WA A TERBE 28~ 15 D I 1A 5%
WTHY, vy b= P O B EFEIEAL TS, Fig. 1.1 12 H-TTA B4k,
KON ZEDA 2P ThhD LE-TA, 7 LE-TA {RIKKF L —RR 7 DR
Fa T, AR TIIHEE R L FE T2 DE LA T EEN AR T
DIZODE = ERFEEI TR AN, Tz 2 O E#MZICTHRADMEDH —
R THY, = DIEENRIE N F O 2 — &R TEE R R DT
ANE =BT HEN) RICEB WL — & A O IR LR T THo08,
FRAECE T/ g2 A A2 3RO D LD JIZ IV T, BR G FF i 23l i (2B D B D
SAZEBWT, SHICHIREREE T TEEI T 2L 0O Ik T, — K PE X Dt
RHERR E 13— R 2 35

27y B ICBWTELLN T 7 vidnry b Do aE L HEE R ICE K 35
HbORRKRYZEEDD, EOFTualryhm DU HE—RR L TITEB T, R

.1-

This document is provided by JAXA.



TRARDBBARIR TH —E U AR D @R SV R R R B BE CIE RSN D T LI
KUIZBAE T BVE B L OBUS HICB T DRIBEN L3 5, £lo/h -1 Bl
ERUEMICIE R T D2 LI L TH—RR 7138wl [l s 2 SR g e<sha i e
720 35 O EIC KD IE A OB TR | AR PR EOF T — g
VIEE B G EWGAMERE AR T S AR o0 B LS oy A LM L
o — NV OBRNFF LR T v — 2 X AT IV AR R EBLR EMR ) 728 M3
BLRDG ANV, ZOP CREHEREDO —DELTETOLNLIEDNF—R
R TR B ORI TH D,

AT OBONEFA 72T H EF AW TWD B RO E#Har vy MIB W TH, ¥ —
R T OB R MR IV THE & 2B IR B I B E L CE Tz, — Bl T 5
&L A—IRIR T TR DAL RXTDFRNA T 22— LRI 5 8 i 200 P
R BB CRGATEREZ ) LS TODA, K& KA N EDEER S
BWTAY T a—HAELEXYET —Ta il Tl R S hE R 3 I LD
B — IR TR R~ DR E AR FAR TN IR 77 2358 A U e (0] 2 3l 23 R - e & 35
R A3 AT B 3 28R O [E A IR B AT R IR B AR AR LT FH BB D,
COBAIITHERILEDER 2> TNWEA L T a—T 2R LR 521K
DR IR 1 2 BEBR T DR R AR o3 ZOREREL T VU B OIRAE
ARSI NTL, — B =R T ORIRB N AT 5L TOR A ER
NEFEZETEERORFENHELN Lo TREMIRICELDIIE S Tl
22\, R B R Sk T AR E A LI EAE A EOR EAER OSSR EL THL
NDZEND | W B R O R V3 E W B R O E — R IRF DX A F I/ A
DBLEDDORRF B T D, — e A S BRI B S04 B 12 08 28 o il 4R B) R 7
(Xl (m—2) 2SR 958 5 ORE R IR L RRICEE S B PE S SRR & B A BT
Do LINLIRINBZ — AR 7T, JEMi K D 8570 22 SIS He ~ TR ED it (4
DEENRENIER, @R - mERE O ERBE LW 2 |5 R Lk kR L
DIVT T2 ZNIEFIINSNZEDNS | il 2 3R 3 2 B3R 058 Fe M 1T 8h =% 2L Ak
DRI DO FBEL AR TE R AT a—V BLAL T #ly—L ¥
—EVEDOBIRE  ETABIAEC 20— E AT IV IR T)InS—RAR T O

-2-

This document is provided by JAXA.



IR B AEPE ISR E R B A KT T, I FEr— X ATy 7R T &R G DA
WM NDBEL, ¥ — AR TSRO ER ([T a— AT =,
s — L 2 =) ORLE - Bl & i Ak % Z &S & o TR R Bh 2 0 il 9%
Tolp B — R TG FIEOM R T O AR EREDOB R E —FELE
PR DG FIELLOEB N K LN TV,

AR TIEY— AR TR ER THHLY—E U ER RN RELTND, 27y
Rt —RAR T HE—E U NENASAZ L ELTEL O R TN, alryh
TV OF BB BENRONDLIEEHY O EFH AL TIE 1970 4
RETITHSL SN HEH L~ o T2, 2z, H-TBL O H-T
ARy OBFETE T 205 20 4FLL AN LY K5 D B 38 2 51 D B i & B BEIC
TR LN AR AR N R B 72 > CVD 5 vy b — R T 2 — B &2 B0 <
BREIIR L F —E VR EHHIN 20O DDEENEFE IT/2> T D,

L ED X577 b, KR TRy N —ARR T HE—E O Gk
WoEELZHEL, F—E U EHIZELLI R — 2 AT IvIRIENbBE LI
—bErORMBHAETIZEET —~EL TS, AHFJE TIE L E H RE = B
(Quality Function Deployment) &0 N ARgE G5 (ST A—Z%GE) LA E
TRt 7 n e AR E L BRFOu sy M —RR T2 —E Ok
IZEDE = OH MR 21T > C0D, ZOME TH LN R IX, AT
HRELIALEEDZ —E NI REINDD TR, S B ERFEINDTHAI L
RIS L CHOA AT ey M —RR 7Y~ O B EENE
Al BT 2ZLE WML DO THD, AT T FRICE TEMICHA R B
R SR ik L B el [ N = B MmN NV AP 5 R 5 K i
STHREWT —<Tho,

This document is provided by JAXA.



ght:

53 n

Payload

e

Second Stage Engine
(LE-5B)

/ Oxidizer (Lox)
Turbopump
Fuel (LH,)
Turbopump /

Solid Rocket Booster ./

Preburner

Combustion
Chamber

Nozzle

First Stage Engine
(LE-7A)

T

' >

H-1I A Vehicle LE-7A Engine

Ball Bearing Seal System

/ \Turbine
Inducer

1°' Stage Impeller 2" Stage Impeller

LE-7A Fuel Turbopump

Fig. 1.1 Overview of H-II A rocket system

-4-

This document is provided by JAXA.



1.2 EROWR

EFEORT Yy DT, VU RIEOEEEME S VU AT A
FILOBLENL, = VP AN ELTEF AN =T =R AV LN RES
NHEZENSE W, ZDXH A —T A7 Duary v VT, By O
HEHE A T DR FE 2R BE B RE T LA D LICH > THEIIR DK FE T A
BET, FO—HE2E—RR T D= VERE T AL THWTEY, #—t
BEEh T AL B W R AKX — 2R L TCND, ZOTRAX —52 X —E VB TRR
AR T 2L E N BHEH, HERKBOBERICIVY - B BHKNEZTH
ER0L A —E L LAE TR MBI L T OWGA B BRSO - fih s — L7
a2 RERIZEY, #—ErDOEEEEITY —E U BER L TR E N R W El xR
BEOBIEL DT Z— 3 b (u/c0) DMEVVRE TOMEEI 2 R 70K
N5, ZOEIREMET Tl RICH —E NI B 2 — BV SR SNDZEN
20, HEN Y —E NI E D UREEH S THWONLZ EIHITEALE
BTy —RIR TS — = O RBA KRS —E T HNBIL T
Do

Ry —=RR T =N EE T OBEEN TR, — IRE RS —E R
DRI > T T 5, F—E VRGO BRI, — K& (R—r
TANZEVF—E U EREETHIL, TOREARKKEEIETHEZANLIAED,
—RICRKFHICRDMERE PRI # R RET AR EINTEY, Ainley
and Mathieson™ Traupel™, Craig and Cox""| Stewart"''72 ZhFTIZHk %
SOBKRETNANARINTWVD, ZNHLOHEKET WVITHEL ORI R T
— X% ITCICHESE S, Craig and Cox BT /LVITEITHRL A —EIZ, Ainley and
Mathieson &7 /WIIML2E A CREE T H AL —E AN TWD, FFIZHEE
IZ Dunham and Came"?<° Kacker and Okapuu®'& (2 k- TH KT T L0k B A
T, TOHH L TER-7Z“AMDC+KO &5 /L" L L TILL BN TWA,

— WL IR N TEB RGBT D, vy M —RR T2 —E T
FEAERE<EmSIL, JAVLEE N TORNNERLBE 258 F 7 —

-5-

This document is provided by JAXA.



ETELTEFSINDGERDD, B EEF—E L OREBPERRIZEL TX
NASA % H0Z 1950 4R 1% =005 70 45 ARISHT CHEBRIN 720 78I~ D03 7p X
M, ZORARBY R E T IED SR ILTI~[19ICHE O BN TS, FirE, B3 L
(ZHEE IR E 7R D728 | Ui B PN HE B D3 AR R L 2R WO KDL B AR T R 1R P
R a2 R L2 R EHE RN 32, ZOHIBEIZL->THRLNDEA IR IE
Lo —RAUCK L TIRERTZIR THDI2 A EHELREZTRIL T
R AEIES 2, RO EETEE ik AT NASA Lewis Research
Center 735 Fortran 2 —RAABISHTWBRY, B ICUT4F Tl b 70 o 45 il i
BEIZETERESNOEMZ LB IREL T, ENOEZHEITE BT LTI AL
BB 2l —var b A A Bkl B AR T O TWBHPY, Tani®h
(IHEFE— T4 7 EE M LTz CED ff b 247 Wil Eh ) osh =2 B iR & L7z
ZHMBLEH T VIV LZIDER RO K EILEITT> TS, ZIRICDHE
TR LTI TR 2 B T LIV XA TRIEL TS5 6, MBI oA
BN KIZRDZENRE TH DAY, Mashiko VS I3 H B AR AR 572012
Surrogate Model Z H W CEB AR O F ik 217> T D,

B ER G D% ITIEX — B H O IS R E OB AT D, 7y MY — KR
YT —E T E T O EWEMER RO SND T80 1T & 58 E O FEAR 2
BHELRD, FlzIX HENODZE TR T (VAN Y 2 —7) |2 X5 iR 8) D
b MOT AATE Gy DE— RN OF 1 o~V & WD E TR A F
AT BRI DL DA B E TR TAZLIITTRE THLM, TNbE4 TR
DRGHIFEEMICINE THY, 2R TIZEV R ETLEM BRI EE T
T 92 Wit A4 — A 3o S e A AT 23 0 BE L2 A2 o THY | Tokuyama” "' Bldm sy by —R
RN T HOBE RS — 5t G LU 3 1600 5 RO =K LI E &
FEMT D IETE H L S B @A R | ZORE R T U7 i R A 3 B g AT 21T
STW5D,

7y — AR T HE—EAZBN T, ERRIORLIEL Ry — kL
L COMERE A 38 T8 OREMC N 2 C, #— AR 7l iR B K OB b4
—EUENCAEC D =S AT Iy IR O b EE THDH, vy M —RR

-6-

This document is provided by JAXA.



VTR NIE RN T O —E X AT IV REE OB R (A — 3T
BE/NELT D)0, DI (BB or 2 BY) TOMERE J) &3 £ CEDHME
B —E L CREISNDTDICE YTV OR AR N ESIRDIEDFFH TH D,
=B UEICA LR —F X A F Iy VR JI1X Thomas Force™ (£7zi% Alford
Force) LIE X%, Thomas Force (I —E v BIEMNODOIRIMEDE
AR —IZ Lo TAELDMLI T U NRTU AT THY ., R DO SNEDVIEE) %
LTR 71 (R &2 e 1) ELTHERIL, vy N — RN T 2 —E R R
—EUREDEAMEICBNTRERDT VY, Thomas Force (T K3 2 il
EEN X & LR RS — BB AT — AR T — VI LTI TV D
i JE 2 fE R SoM 22 A 0 22— ThHRBE R B BN B EN T\ 5, £7-
By N —RR T ORE FEHIELTL, H-TA =Ty DAL =V Th
% LE-TA IRAKIKFE & —7RR 7 0 B 56 ) N AL U 7 o [m] 391 = 8 oD [ RE 28 26 1
HBRDLPIN ZOLEIIF RN TR 2RO B A IMEE L EI2L-T
o [R) B R B 2 4 il 9~ 2 ZE A H SR T D,

A —E N AE LDV T 3T A F) (Thomas Force) IZ DWW TIE, ZHET
IZE <O, EBRFIEDTITHI TS, Alford ™13 8 [R 32 AL S A (R E L .
HALE FMESSHIEVOZ—E VB RNZ T NP EERMEEGIEDOIZIT
Bl HEBZE2, TNEBEFRICHES LTI T UNRTU AN 2 ROHET MbE

272, Alford DET /L TIEEOERE) /) AR EFECHIE TR T 2L RKEL,
HOBRE) /) LB R ] L OBAR 2R B THLTWD, B IE Alford fRELIFF
I Tnd, ZOMEIZEL T, Alford® 3 28 i HAZ —E 0 ORBRNS 1~1.5
FRELHEE LD, — ., Urlichs®™ Iz X2 EBRFE R TiE 4.5~5.0 L ARFEL O
TW5, £z, Childs [FAL—=RL v MNLDAS L 2P0 & E IR R K FELZ—R
R T Dr—2 7 AF I AFFEHT OFRRERIG 1.0 T LR~ THHP,

R0y Alford MHERLIZET VITEMALSNTWDTZD 4 FT B IEE
B ORBRAE R LM E L2 BT 2200RBEKRLLTHOLNDIEE 2
oI, 2D XD IRR IO IEN T 57260 OB GH A 728 28 3T o T D,
Colding - Jorgensen® 3@ CHHa L T Lo P BITK 92 R ITEH L

%ﬁj
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DETMZEY, Alford £23 B T EAREEPR A OB EL TRLE, Fi2
Yokoyama®?'5% Colding — Jorgensen DEF /LEZ0—Z R 5N EDVEEZL T
WA AIIER L, R EF N E L TRIE DML TWD, ZRHDE
TV TR SR B BRI & 20 R O BIAR ICAUE 2 -V T D72 | BB I o i
NZEFICHRYIATe )7 #5728 Martinez - Sanchez™SIZL> THIRESH TS, =
DFENTE CTIEr— 2% FRICEERZ DT 7 F 2 —2EIC X0 B EER M L3 )
EOBBRETRNOFFE LR D | Alford FRETHK T2 &L SR i I
DEBLEZRL TS, £72 Song® T Martinez — Sanchez DET ILEHLIRL .
Alford F2 %012t 328 # 3 O FEEE OB LR L TWD,

—F OEBRIFFZEIZEIL T, Thomas Force #Hll T EDEWIE B L CEKH
T2, Vance®™ BI/NUOE 7 72 % WV, J1IE T O E LTl 07z b T)
DOBIFR%E AT Thomas Force 3K 8 T\ 5, Thomas Force LML 7 LDBIfR%
[R5 2 28 2 TR L 72 B L BV 7 03/ NSV PH Tl Thomas Force 231272
. % AEDY G I ORNE T L7 D5 R AFFEN TV D, Bhrich® i Zm—4 23 .0
LW oar 7Ly ¥ 8 970 3 i 7 i) 00 J& 72 5 “Parallel Compressor” [ &
Bz ESLSNEDVEE AL X250 Alford 852K, Ok F
ar7Ly$ o Alford FREUE—E M TIEARL, EERR &ICH L TEANTRO
EIZH 72580 Colding — Jorgensen DEF /L ERIEEDFE ENEHN TV,
72\ Martinez - SanchezP"HIZAR—ZAL ¥ ML OB LKA KFEL—RKR T D
% —E'?® Thomas Force ZHMFERIZL > TEHIL TV, WK ) iTr—ZIZ
MR ENTH AT EA-ZZTHEHBEF IS, ZOMITH T —2 0 TREDE )
AR m—Z A0 A ORNDFHAAITHITND, F—E D84 I1CiEa
YTV E AR THREICED BRI N LR, R AVFH ISR o 7 42
ML — U TBEOBERIE &R D L CRO IS LR, W& OE &1
Alford ETZ VDO E Y MEZRL TS,
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1.3 AXMEDOEHB

SOy TV UBRBICB NIRRTy M =R R T Y- DG
HAEE DM EERRFHEAMNOBER N AFE Lo TWD, RIFFE TIEY—E U HI
HECHR—FX AT IVvIRIER N BB LA~ OREXFEITOZEEZ AW
ET D, A—ARRCTREICK T OR BEEREO—HO>NHIRE M ETHY, ¥ —
EUENCAE LD —2F AT Iy 7R 71 (Thomas Force) ZAR 452 &1 2—R
R TR KR OBLENOL AT T —F Th D,

1.2 Hilz T _7=X91Z, Thomas Force {Z DWW TIdAE ~ 7 B3R 10 . FEBRAOAF
FEBTONTNDELDOD, Thomas Force DEIEZ B 19 LA 72130 72<, il 2
X\ EAR RS —E 128175 Thomas Force K 12 BT aTURDT 4
YOI 2 EDOFREH IR B LD 7T, Thomas Force (X324 —E L
WOEBIZOWTEL T LHEHA LIRS TNDHEIEFE W,

Fo TARMFZE Tl 50 B 6E B2 BR (Quality Function Deployment) & 3 Zh g%
FEFE (RTIA—FERE) LM A kB b T e AR R L, BEfFor
TR —RR T —E O ER WA — O R R E KT D, O
MUk, Thomas Force MKIBICEH G D KERF —E VR G/ TA—ZEH LN
T HEIIT, Thomas Force DRI 2 TH —E U HERECI R O RSB
JEL72% B BB LIZ R0 RO 7o fe il IR MG B D, A G S0 Tldin B # Re
JRBH Lo N AR E FIE LM G R E L ICK s THEONIFZE R IT DN
TEEDD,
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1. 4. XRFEXDOHE

1B T AR RO R, vy M —ARR T 2 —E I T A BETE
WFIE O T 2R~ ARBFIEO B B%2 50N T 5,

F2ETIE, BEfFoury M —RR 7 A - O E W TR K
ET IS DB HIRNT 2179, Z0 1 IR ITTIRFF Ol R A FER OB CFD fi# i
DOFEREHE T HZLIIY BEfFOEKET VA2 MWz 1 IRoeik it of HE
FEA U728 Rz DWW TR~ 5,

5 3 ECI, mE#eEE B (Quality Function Deployment) &/ S ZRg% & F
B (N A=Z3RG) L BTkt 7 e AR E L, B e R
Bla AW Ty N —RAR TR - OEBEE G NTA—FDEREEITT-
FERIZOWTIE RS,

B4 BT E 3 ETRELLHEERG ANIA=F 2 MW T AAANREFE
(NTA=ZEGH) Rk FEZEMN LY — &k 21T 9, Thomas
Force (K ICH G D REQRI —EUVRENTA=ZZHALNICT HEIIT

Thomas Force DIEJFIZIM X TH—E U MERERCE K& O ELE[ELT-%
M F AL DOfE RlzHOW Tk~ 5,
o TG THY ., R L ERiEL TW5,
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F2E Ay —FREROTHAEA—ED®D 1 RfEH
2.1 XEDODHM

nr Y —RR T A= ORIy b D RO MR IR &R
WEELETERNO —DOThHDHD, UV AT MRET O BB (&
RENICTHE RS —E RO TRIAHKS 1 WILHEEET AN RDLN
TWb, ITEORryhZ P TIEZ U DU 2RO EEEE e Vv AT
AEFACOBLE PO DY AN EL TR AR T —T V=R AL 3%
EESNHZENE 20X F —T LA TN T D DE—E TN
EE T T ORGSR LR DT D Em IO TNIS R T AT L) | A
M REBRDLIENFHTHD, ZO—F kRO ry N —RRTHEZ—E
> OVERE TR CIE, FrE OB AN 6t 328 FRBRICE SSERBELH VS
NTHZD  BEFO 1 kT RET VELTEZ AINTOS“AMDC+KO E7 /L
I3 7 3 F i P 2 2 CODE OB 5, % a A HEE ME <2 2n e
THERETF M ZATOZEN R 2R L TH D,

KRETEHERE Oy M —RR T Z =Dk Mz 1 IRt k€
TN LDH BN 2179, 20 1 Woax it Ol R 2Bk R+ 52 81
FO.BEFOBRKETAEM W 1 IRUREFOA HEZREN T2, £, BT X
IR BAR Ty T INVT T AR B E LT NI A= ZAZT 4% 1 IR LR K
BT LD (LT 2 1 IRGC AT &F597) & 3 IR L iE & CFD fi#ffr & Tt
WL, W DERIIONTELET D,

RE LD 4 FITTITHHR L TIE, 10,000 A% 88 2 D REHTIZ L0 5 32 1
RDERIEZITHIZD ., 1 IR ICIRAT 2 FH D Z e AT L AR AT B 8] 00 48 s % [ % 0 3
W%, ZOZEIVATE T, OB RO REAFFEICTHWOIBETE
D1RTTBRETNVOBEELTIEEHHET D,
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2.2 BEDILRTELXETIIOHNE

Z—bEr D 1 WItBRKET VIZOWTL, ZILETICHEZLKDET A BARE
NTHDEN, TO P THREMRBLET NV THH AMDCHKO £ 7 AL
OB AR D, ZZTIE“AMDCHKO £ 5 /LA E D LH7248 B H DA k&
NTWDODERT, RBET VR OFEM IOV TR i SO, STHER[39]1C
FELR RH TN D,

Fig. 2.1 [ZIX“AMDC+KO &7 WOk Z 7, (D) IFET Ak E R L
TEY. HrxOERBEZDOLELAEDEICIVERDOEREE 2 TS, X (1) A
WE—HNT a7 7 AR THY, NEIZ 2 kAR K, BBRER, 7707
TR K LR, a7 A VROV T E E T S R 84y O
W —HOFEIN) LU ANV A O EL B B SN Lo TnD, ZNbHD
HEHEBZOTNETmT77AVHKE 2 WIRNEREAEZLLTET VA D
R TN N

KX IE7Ta77 ANV KOET LR THY, FEEE NS E RN (KB 3) &72
D8 A\ H R E O EN I HI S DR (R (3)) 0, BEEIRALRDLG AT
BATEHIAECOEHBER AL K@) BRET MESh TS,

X)L 2 KRN RDOET AKX THY, BT AT MLSR A ff O B & 72
STND, 77 AV K ERAR I N I K0 e Nl s o2 R
(3 (6)) R, BT ARTMMLIZEDHMIE (7)) BET MEIhTWD,
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K; =K ,1+60(M -1)*) fre + K, + Ky + K, -+ 0

t 1

Profile Loss Model

K, =0.914(§K;Km,+1<_#_] e (2)

Ko,=1-K(1-K,) -+ (3

— 7: 1
1-(1+ "—leJ

K, =(%] [QI&} 2 = - (4)
q " L 2 1—[1+K_1M22J ©-1
2

[
Secondary Loss Model

K,=12K'K., +* (5)

2
K= 0,0334f”[ csa, I&] 008 &

cosa, \sfc) cos’a,

Keg=1-K,(1-K_,) .- (&)

1—0.2;1!2—12,/6 for e < 2
jC

frg = e (2)
1
_ hjc

Jor hfe > 2

Fig. 2.1 Configuration of the AMDC+KO Loss Model

.13-

This document is provided by JAXA.



2.3 BEFEOTYNI—RRUVTHEEI—ELOBREH

AKHETIIBEFEOur vy N —RAR T A —E DR Z W= 1 ot KT
TN LHH BN 21TV, T O Rl R 322 LI TEEFD
BRETNVERWE 1 RO F HEZFEAT 5,

2.3.1 BAREELVEBEITFE

fEANT R G L CHWEBEfF Oy N —R AR T 2=y 5 RO ox
Table 2.1 IZ7R ¢, #—E> AL LE-5 JR R = DU HIRIK KB Z —RR T DF
—e B ESERA A VER TS 2 BT EY - ThD, X —
By BIEF UL LE-5 Bl = Vv iR R 2 — R R T oz —e BIchiy
i D 2 B Y- Thd, ¥—Er CIEKE M-1 =P IR K HE
B—RRr7or—e ek 2 BlEhiE T EY - ThDH, 4~ D B
FOE X LE-7 FRl = DU X —RR 7T, BiEPMRIEKFES—RR T D
A=t BENRKRES KRR T D= ThDH, (72% LE-5 JFR T
PULIIH-T eyl BBV THD LE-5 TP U DRRFEEEO T D
ZrEIET, FERIC LE-7T Bl Dz oW ThH H-Tur v b — oo
TH2 LE-7T =PV ORRBEMOT PO tafET, ) Table 2.1 (2959
2 R RE b, IV SV D BRI DR 2 R DX —E BT R SR LT
WA, AR A WELFH CREF R AET L OF AR 27O 2B KL
HDTHD,

B BLAZ AT 121X K B Concepts NREC th> 1 L& —E U fiffT Y — b
AXTAL ™% FI | 4 B lC 31 2 8% JE o0 A1 e OVt H A8 BE S GHE I A9 &9
fRHTL TN D,
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Table 2.1 Typical Specifications of Existing Rocket Turbopump Turbines

Turbine A B C D E
Turbine Supersonic | Subsonic | Supersonic | Subsonic Subsonic
Type Impulse Impulse Impulse Impulse Impulse
Partialit Partial Full Full Full Full

artiafity Admission | Admission | Admission | Admission | Admission
Stage
Number 2 Stage 2 Stage 2 Stage 1 Stage 1 Stage
Mean 0.152m | 0.152m | 0589 m | 0200m | 0263m
Diameter
ggézgonal 50,000 rpm | 16,500 rpm | 13,225 rpm | 46,300 rpm | 20,000 rpm
Pressure 4.63 2.25 4.69 1.46 1.47
Ratio
Stage

s 6.72 15.9 6.83 2.36 5.59
Loading
Shaft 440 kW 130 kW 64.3 MW 24.2 MW 6.4 MW
Power
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2.3.2 1R cEHEBTHRRLABRKBEREDOEER

M B2 Fig. 2.2 12”7, Fig. 2.2 () XfEMT *F G LT=¥ —bB > O &%
BLBAMBREBEDBAN K ThH D, KFIIZSCER[ 1311 TH E B RE 2T iz
33 LOFX—EUHLHFRRLTEY, INHLOX—E VB HRIT 3% N DR E TFH
AR THLIEDNRENTND, ZD—J7 TH B OFREHT xF BT SCHR[13] DRIk
FHLDH I, BRG] TTOER &1 L7 > TS, Fig. 2.2(b) IZIZX—E %)
KOFRMEEEFRIELOMBEAX 2R, ML THEEE 3%DOMES R T 25,
A= ABIREZRE, ZO TR EIIRGF THLIEDNMHR TED,

WA PR E DKoo # = DR EERICOWTEL FICkHa 45, #—
EUADFREERNZ DWW T SCER[43)ICTHE 2 A VA NVIZ I D EThHZ L
MRS TNAIEMNDS, ZETIEX—E Y E ICE A5, Fig. 2.20) IZIZEET
AR EB AR OB K EZ R, ZOMNGZ—E L E OEJET AT
eI 12 /h &< (< 1.0) . 2D BA i AIZ L R TE WA R 22 55 TOE)
LT TND, ZOTEMBE—EVETITIRT AL (K &) 2o k%
/NG L TV D EBRABNDT LN RENC TR K 2 ICFE MR
BDICDDINTGA=B AR T 4% i T 5,
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« Reference(Z}) & JurbineA_1istStg & TurbineA_Znd Stg |
i

]

= TiirhinaD Aot Céa = Tirhinal Jnd Cio a Tirhinar™ Ao+ Cta |
= TurbineB_1st Stz =TurbineB_2nd Stg  + Turbinel_1stStg |
]

i a den s b P ]
Turuinee_ LU e A Turuine v A lutuine c !

;

liency

[
o

—— Peffect Fit -----1.5% Error ---- +1.5% Error
®m  Turbined = Turhine B Turhine C
i Turhina M ry Turhina £
& TurbineD A TurbinekE

(a) Stage Loading vs. Flow Coefficient (b) Comparison of Predicted Efficiency

w

C
- .
= A
= s
50 z
o .U A
= Lo
b L
[
~ . 2>
by v A
= . )i
<C . &
v, - =
o v .
(3] .
- L)
faa] - a
o A
-

(c) Blade Aspect Ratio vs. Stage Loading

with Experimental Efficiency

Fig. 2.2 Results of 1D Analysis (AMDC + KO Loss System)
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2.4 B7ARIGAEBDNTGA—RRATAIZLPREER
Y £

ATEINICIBWT R T AT RO 1 IR ICHENT TIEE B S 5L L b 18 2 %31
INGEA 9545 R Lrp otz REICTIE, BT AN, BATR, Fo 77T T A
BRIE LT NTA—BAZT 1% 1 IRTLMAT L O 3 IRILEH CFD fi T oM
FTITW, MHEDOERIZONTELE TS,

2.4.1 CFD Bt RHEBREDE=ODF IEfEN

EH CFD IZEDRTA=ZRZ T AL | K F i B REL I E T /L DIE
ISPRAT A RN G A D5 B A 7 A U BRAT R B SRAT R [ & DT U A3 HLiL T
WO R R ZRE T DD O PR 2 FE M T2, 2O T AT 113K E
ConceptsNREC £ PushbuttonCFD®H% fl %, fi# 47 %t 5213 Table 2.1 DX —
BV EEL, 15 GRS 130 0 #7222 3 SO #E T2 5, ¥ —E i
IO EMEAT TR A2 REWET AP H VLTS, il 2 I ASME
TurboEXPO 2011 @ Axial Turbine Aerodynamics &> a2 TliE¥ —E U FiALD
BABfRHT DR KGR LT 26 T, Z2DON 1 FRXETAEZHBEHLTWDEDIL6
.2 FRRXETAZFEHALTCODLOIE 20 FTho, ZhE#Ex, A EOT
{# 7 BT ClZ Spalart-Allmaras 1 FEEREF AL F S-A L#3) L ke 2 HEE
KEFTNWNLLT ke EF9) 2D, W8 &6 HE T 55 138 B 54 VT
%, Table 2.2 \Zf#MT 5t % | Fig. 2.3 (SIZMEAT RS BE &R AT B [ oD FL et R 27
K
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Table 2.2 Computational Conditions

CFD Solver Pushbutton CFD®
Operating Fluid Combustion Gas (Ideal Gas)
Coarse Nominal Fine
Grid Size
540,000 1,100,000 2,200,000
Y+ 174 172 171

Turbulence Model

Spalart-Allmaras leq. model

k-¢ 2eq. model

Space Accuracy

2nd Order

Cells in Tip Clearance

12 Cells (Clearance 0.35mm)

)
<

pTal

@]
)

FAw)

— c
9 o
c - )
o 0.650 ©
‘O S
£ ¢
L

— 0.630 S
S O] [
= L
8 o610 I3
= £
5 =

0.590 -

Coarse Nominal Fine

ETime (S-A) mmTime (k-€)
—O=FEfficiency (S-A) —-Ffficiency (k-g)

(@ 5,000 Iteration)

Fig. 2.3  Evaluation for Accuracy and Time of Computation
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Fig. 2.3 DETZ 71X HY — 7 A7 —3 a2 (2.93GHzx2CPU) (2X% 5,000 [=]
Bl 32 W 5 T OMREAT IRE R 2278 70 4% AR O I PEWE BT R D B ML T 0 |
Coarse/Nominal #& - Tl 10 5§ il 4 T [8]1Y Fine #& 1~ Tid 15 RFE] R L7 o7z,

DAZIRATRG BEIZ DWW, Fig. 2.3 DTV T 71348 r — AD R Rl R~ L T
WD, BLTEET VI ER T DL, S-A TITKE OB IRV R AL L AR
FICHIML TOD N k-e TIXIERMIB ez B 2/R L T D, 2 k-g @ Nominal
BEL O Fine ¥+ CHMEIEEB N ELC TWBE720OTHY | k-e TIIN K Z EMEB IO
FENT RS FE O CEEN DAL R Ll o7, £ S-A OFENTHE E MRFED -0 121%
Fine #&1-LL EOfRGFE O 1% WM FRF O AL ETH DL, 5
7] Nominal 3 XU Fine #& 112 BT HMERERR ZIT RN RIE T 1% U T THHZ L,
FLARBEDNTGA=Z AL T I Tigim § 0N RAENI+5% DA —F THHI L, F
T fRAT IR S B L7z | CTHE RO TR OFAG ITAR 2 Th DLW LTz,

U EOFER ML, A RIOE R CFD IZLD/RTA—FAZT 4 CIXELTEET Ve
LT S-AZA, f@#fi & 1-£ LT Nominal # 7O AEERIRTHI LT,

2. 4.2 NNGA—RRAITLEHDHRTE

INTA—BART A DXRFHEFELEL T BRET AN (A EE) . B (R

Af) Ty T 7IVT T2 M, 2RO EM A ETA 7 20 [HoOTBR IS L TE
W CFD %1To7-, i it A DK S Table2.3 |2, ZNHDOM A H &% Table
2.4 (TR T, RATAE T BLOELTEET ML 2.4.1 THO T T 5 R A2 ML
Nominal ¥ ¥-& S-A £ 7 /L% £ O OfEAT S 4413 Table 2.2 ZEKEEL TV D,
—Ji . EH CFD &L 2720 D 1 IR LA 1% CFD fif AT 20 & 9~ H i ¢ 3
ML, HB&ETIT“AMDC+KO &5 B Lecraio & Cox £F LU0 2
FEZ W,
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Table 2.3

Design Variables and their Levels for Parameter Study

\D/aersilag‘t?les Level 1 Level 2 Level 3
Aspect Ratio

0.4 0.8 1.2
Blade Height 5.3 mm 10.6 mm 15.8 mm
Number of
Blades 84 94 115
Tip Clearance 0.3 mm 0.4 mm 0.5 mm
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Table 2.4 Combination of Design Variables

No. Design Var.iables .
Number of Blades Aspect Ratio Tip Clearance
1 0.400
2 s 0.800
3 1.200
4 0.400
5 94 0.800 0.300 mm
6 1.200
7 0.400
8 84 0.800
9 1.200
10 1.200 0.400 mm
11 0.400
12 115 0.800
13 1.200
14 0.400
15 94 0.800 0.500 mm
16 1.200
17 0.400
18 0.800
19 54 1.200
20 0.400 0.400 mm

1 IRCHRMT &8 CFD BU7 DR ATt R a3 RN B a3 MR L L Chbi
%, CFD TOFHMAL & IXB R A% 0D 10% BB 3% x5 10% FiteL,
W7 OALE TORELBIORIR O & FEEEICL0h FB AR D, o, H
FAICBIL T Zweifel OBAFREYILLCEH T2, ZNHOFHE RO E
2% Fig. 2.4 [T 7,
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Inlet : 10% of Blade Chord Length Upstream

N

e

Outlet : 10% of Blade Chord Length Downstream

(a) Position for Evaluating CFD Results

Tt,out
- %t,in

Mot = =
P / %
1 _ t,out
I:,t,in
Th1-1 : Blade Efficiency Pt,in : Total Pressure at Inlet
Tiin : Total Temperature at Inlet Pouw ° Total Pressure at Outlet
T Total Temperature at Outlet y : Ratio of Specific Heat

(b) Definition of Blade Efficiency

Z _ p(erd,inWtan,in +erd,outWtan,out)
0.5c W,,°
Z : Zweifel Factor erd out - Meridional Velocity at Outlet
p : Blade Pitch W, .« ‘@ Tangential Velocity at Outlet
W Meridional Velocity at Inlet W, : Relative Velocity at Outlet
mrd ,in
W, ;, : Tangential Velocity at Inlet c : Axial Chord Length

X

(c) Definition of Blade Loading

Fig. 2.4 Definition of Evaluation Items
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2.4. 3 INNSA—RRATA4EER

Fig. 2.5 [ZIZEE RO 1 IRILENT & CFD fEAT OB K 2R3, K H R
F1723“AMDC+KO E7 /L& CFD D% | FkF1723“Craig & Cox E7 /L&
CFD EDHHBAZ R T, AT H#IPHICI T 2E FE R OZE bR GEXxHEEL O 1,
CFD 23 16% THDHDIZH L, “AMDC+KO E7 /L% 5%, “Craig & Cox E7 /L~
TIE 8%&/> TRV, S EIHWE 2 SO KETF /MG %28 /N GEl 4
LR LI TND,

RICHE BRI T BRI EBOEELLLW S DI NTA=FAZT
ADFEREZB BN REFEEL L3 R T O% m RN CEE 5, TRt B % Fig.
2.6 |Z/r7, Fig. 2.6 (a) 28*AMDC+KO €7 /L (b) 23“Craig & Cox ET /L,
(c) 2% CFD fi#HT D& R THDH, MBI E T 7 7UTZ 273 0.3mm D E O
FERERLTND, ZTNHDORIDG, B3 T AT M 2K E B A fF A/ NS 7265
B TIEL 1 IRJCHEAT & CFD T E DR ITE)NTHD —J7 BB T AT R
IINESSB A O R ZAFEILICB WL, 1 RITHENT & CFD f#AT &0 72 B3 B 3
IR BT EM o3 InD,
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1D Analysis
¢+ AMDC+KO Loss Model e (Craig & Cox Loss Model
Perfect Fit ----+1.5% Error
-----1.5% Error

Fig. 2.5 Correlation with 1D Analysis and CFD
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(a) AMDC+KO Loss Model (b) Craig & Cox Loss Model

(c¢) CFD Results

Fig. 2.6 Response Surface Diagram of Turbine Blade Efficiency
(Tip Clearance: 0.3 mm)
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Fig. 2.7 [T AR AR LERDRLEOBMBKEZR T, K H OB R
“AMDC+KO £ 7 /L% FH ) “Craig & Cox ET /L%, 7'y )3 CFD ft %
#9, Fig. 2.7 () IZITE AWM LOBER (BT AT 1.2, Fy T 7V 7T
0.3mm D5AF) 277, 4 [E1 > CFD gt TIE 3 A fF O AL IF 5 L 3 2
N 3~A%FREE AL T DA R LR 0Tz, AR NI —E U RICKIT TR BT
BR[48NC IV FEER DT O TERY, AR E 50%H T LI L& —E U 2N
2.5%IK T T 58 RBELNTWD, SCHR[48] TOHER & — 134 (8] DO g A7 xf
RLITHERRPTEIR S T R0 (BRAMARE 2.5, BETAXIME1.6) b D
O, \FITZEFEONFRX T EEZRLTNDLIENS, 4 EO CFD R 1
WICIRAT LD B2 E BIICH T 5IC& 50L& 25, 1 RICHENTIR +
DL, “Craig & Cox ET V" TCIEEAMOEIMICHEWEZHLILTL
TBYVEAMICH T L2EHIEDROMMIL CFD # R (I o — D
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(a) Blade Loading (b) Blade Aspect Ratio

(¢) Tip Clearance

Fig. 2.7 Effect of Design Parameters on Blade Efficiency
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Robust Design Process

Fig. 3.2 Flowchart of Optimization
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Fig. 3.4 Deployment Table for Turbine Mechanisms and Design Parameter
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Table 3.1 Breakdown of the AHP Subjects

Number of
Group

Respondents
1 |Turbopump Designer of JAXA 15
2 |Rocket Engine Designer of JAXA 15
3 |Turbopump Manufacturer Design Section 2
4 |Turbopump Manufacturer Manufacturing section 3
5 |Rocket Engine Manufacturer Design Section 6
6 |Rocket Engine Manufacturer Manufacturing Section 6
Total 47
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Fig. 3.5 Comparison of the Degrees of Importance of Quality Requirements

for each group
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Table 3.2 Design Parameter Deployment

Components

2nd

3rd

Nozzle

Blade Profile

Maximum blade thickness chord ratio
Turning angle

Pitch chord ratio

Throat exit area ratio

Nozzle length

Nozzle departure angle

Leading edge radius

Leading edge wedge angle

Trailing edge radius

Trailing edge wedge angle

Meridional Shape

Blade aspect ratio
Partiality

Leading edge tip radius
Leading edge hub radius
Trailing edge tip radius
Trailing edge hub radius

Throat Area

Mean diameter

Blade angle at nozzle exit
Blade height

Blade root radius

Rotor Blade

Blade Profile

Maximum blade thickness chord ratio
Turning angle

Pitch chord ratio

Leading edge radius

Leading edge wedge angle

Trailing edge radius

Trailing edge wedge angle

Meridional Shape

Blade aspect ratio
Tip clearance

Axial gap between

Passage Area

Mean diameter

Blade angle at rotor exit
Blade height

Blade root radius

Shroud Shape

Shroud thickness
Shroud length
Shroud width

Turbine Disk

Damper Shape

Damper diameter
Number of dampers
Width of damper groove
Depth of damper groove

Disk Shape

Disk thickness

Hub diameter of disk
Disk OD

Diameter of balance land
Seal diameter of stator
Interface of blade root
Number of spline

Spline size
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Table 3.3

Important Design Parameter (Typical)

Component

Important Design Parameters

Nozzle

Pitch Chord Ratio

Throat Area Ratio at Nozzle Exit

Trailing Edge Radius

Blade Aspect Ratio

Nozzle Partiality

Mean Diameter

Blade Angle at Nozzle Exit

Blade Height

Rotor Blade

Blade Thickness Chord Ratio

Pitch Chord Ratio

Trailing Edge Radius

Blade Aspect Ratio

Tip Clearance

Axial Gap between Rotor and Stator

Mean Diameter

Blade Angle at Rotor Exit

Turbine Disk

Width of Damper Groove

Depth of Damper Groove

Interface of Blade Root
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Fig. 4.1 Fuel Turbo-Pump (FTP) of LE-7A!*"

Table 4.1 Operating Conditions of LE-7A Fuel Turbo-Pump (FTP) [*¥

Pump Side Inlet Flow rate kg/s 37.3
Inlet Pressure MPa 0.34
Discharge Pressure MPa 28.6

Turbine Side |Inlet Pressure MPa 21.4
Inlet Temperature K 750
Pressure ratio - 1.54
Turbine Power kW 28800

Turbo-Pump [Rotation Speed rpm 42200
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Fig. 4.2 Water Fall Diagram of FTP Rotor Vibration!®¥

Fig. 4.3 Injecting Direction of Fluid to the Seal!®*!
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Fig. 4.4 FTP Rotor Vibration (DRF) at Engine Firing Tests!®!
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Fig. 4.5 Thomas Tip Clearance Whirl Model
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Fig. 4.6 Cross-section View of LE-7 Fuel Turbopump
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Table 4.2 Typical Specification of LE-7 Prototype Fuel Turbine

Turbine Type Impulse Turbine
Stage Number Single Stage
Mean Diameter 0.200 m
Rotational Speed 46,300 rpm
Mass Flow Rate 41.2 kg/s

Inlet Total Pressure 23.6 MPs

Inlet Total Temperature 972 K

Pressure Ratio 1.46

Shaft Power 23.6 MW
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" Input of Design Parameters and /
Noise factors

v

Evaluation of Signal to Noise Ratio from
L36 Orthogonal Array

No

Reproducibility of Signal to
Noise Ratio

Parameter Désign Process
(STEP1)

Response Surface Approximation for Weight and Stress
of Turbine from L18 orthogonal array

v

Optimization by MOGA (1D Analysis)

v

Classifying of MOGA Results by using
Self-Organizing Map (SOM)

MOGA Optimization
(STEP2)

l

Evaluation of Thomas Force by CFD
Evaluation of Blade Stress and Weight by FEM

v

/ Optimized Blade /

Fig. 4.7 Flowchart of the Present Optimization
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Fig. 4.8 Turbine Output Characteristics against Pressure Ratio

.62-

This document is provided by JAXA.



4. 4.2 HIHEFDOETE

Table 4.3 (ZHIHIE -, BLO ZOKHEEZR T, HIHIZIVZ DK FH TR
— 2 (=K F) O ELTE T D0 BRI L36 25, 25 il 1# K
FLUTHTERE CRE L BERGANTA=2" 25T 16 ZEAEN W5, 7
HEFELTBFROVITATARPE M AMAE BiEa— R, Ty 7777
VAE Ty IRIRBREEERHLIERIN A, B KB ESCS Y
BE AU FAEICEETOERLEREL TVD,

Table 4.4 (213 L36 [H22 & (K-S <& Hil 1 K 7 DM G B S (R OEE 1%
FIEN 7oK UEEZRT) 2R T, ZOMAEREITHENAEFE 36 Kox—E
TROLIZRNVX =B AT DEXRF T 5, ZORORF LML, F—E A
M4k, JE b, BlREL, &2 BATHREFECIZL TN D,

Zhb 36 RDOF—E L DOFREFERICHOWT, TR EEMEE L L Tl H A
R R OT AT B E ORI DX B IE A Fig. 4.9~ 7, A& il #1A 1
DARAEL L36 BEARZREDMEFITIY, HIE T AIIETIE 1.0~2.2 OIFE T
B B ACHCTIE 38~107 L DIF CTORFHZEM L7 > T D,

.68-

This document is provided by JAXA.



Table 4.3 Control Factors and Their Levels for Parameter Design

Level
No. Control Factors Unit
Level 1 Level 2 | Level 3
1 A Thickness Chord Ratio of| 0.180 0.200 -
Nozzle Blade
2 B Thickness Chord Ratio of 0.160 0.180 -
Rotor Blade
3 C Wedge angle of Rotor deg. 4.00 590 .
Blade at Exit
4 D Sta.tic Pressure at Nozzle MPa 17.2 17.6 17.9
Exit
5 E |Solidity at Nozzle - 1.60 1.97 2.20
6 F |Stagger Angle of Nozzle | deg. 35.0 45.0 55.0
7 G |Nozzle Exit Angle deg. 17.0 20.0 23.0
8 H |Chord Length of Nozzle m 3.60E-2 | 4.12E-2 | 4.50E-2
9 I |Solidity at Rotor - 1.20 1.65 2.10
10 | ; |Leading Edge Radius of| | 0,600 0.711 0.800
Rotor
11 K |Incidence Angle at Rotor | deg. 0.00 1.00 2.00
12 L |Blade Exit Angle deg. 24.0 271 31.0
13 M |[Stagger Angle of Rotor deg. 12.0 18.0 24.0
14 N |Chord Length of Rotor m 1.30E-2 | 1.62E-2 | 1.90E-2
15 O |Mean Diameter m 9.50E-2 | 1.00E-1 | 1.05E-1
16 P |Tip Clearance m 5.00E-4 | 5.50E-4 | 6.00E-4
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Table 4.4 Combination of Control Factors for L36 orthogonal array

Control Factors

No.

10

11

12
13
14
15
16
17
18
19
20
21

22

23

24
25

26
27
28

29
30
31

32

34
35
36
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Fig. 4.9 Characteristics of Designed Turbines by using L36 orthogonal array

-66-

This document is provided by JAXA.



4. 4. 3 REEFDERTE

INTGA=HRFHIFAZER T (= /4 R) BREZIRB T 20 TR, 2O BN
INSL TR D IR FH B TR A EVIA LR F FIE TH D, W TRAZER 13 HE
BROEEERE A EL TRV ZOEREZEB E T 5,

Table 4.5 (222K 1- %7~ 7, Thomas Force |34 —E VB3 JLii DO RN
BOBFMAY —ICLoTELLIENDL, F— B F I IV T T R EFRER
AW, K/ 2 kMR 25, TNz 8ERECIEE T OB ICLDF
RIZHSEDOHBEZETH20, 5F 15 HOMER F2EEL, T DOKAEHEIC
TRGE R ECER T OE B CTRESNS - RNRMEE 5 25,

OO ERFOMAERITITILI6 ERERELH W, ZOME TSR (EF D
BAEIXRAZER 1 DK #EAR K T) % Table 4.6 12777,

.67-

This document is provided by JAXA.



Table 4.5 Noise Factors and Their Levels for Parameter Design

No. Noise Factors Unit Level 1 Level 2

1 A | Throat Area of Nozzle % -0.15 0.15

2 B | Throat Area of Rotor % -0.15 0.15

3 Stagger Angle of Nozzle deg. 0.00 0.50
Thickness Chord Ratio of

4 D - 0.00 5.0E-3
Nozzle Blade

5 E | Nozzle Exit Angle deg. 0.00 5.0E-2

6 F Chord Length of Nozzle m 0.00 1.0E-4

7 G Trailing Edge Thickness of m 0.00 5 0E-6
Nozzle

2 0 Leading Edge Radius of m 0.00 5 0E-5
Rotor

9 I Stagger Angle of Rotor deg. 0.00 0.50
Thickness Chord Ratio of

10 |J - . .0E-
Rotor Blade 0.00 >-0E-3

11 K | Chord Length of Rotor m 0.00 1.0E-4

12 | L | Blade Exit Angle deg. 0.00 5.0E-2

13 M Trailing Edge Thickness of m 0.00 5 0L-6
Rotor

14 | N | Mean Diameter m -2.5E-4 2.5E-4

50% Nominal

15 |0 i -

Tip Clearance Narrowed | Clearance
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Table 4.6 Combination of Noise Factors for L16 orthogonal array

No. Noise Factors

A B C D E F G H 1 J K L M N (6]
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2
3 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2
4 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1
5 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2
6 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1
7 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1
8 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2
9 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
10 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1
11 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1
12 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2
13 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1
14 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2
15 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2
16 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1

4. 4. 4 INGA—=RBZTANTSLDEKRTE

Fig. 4.10 [Z\TA=R2EZ AT 7T LT, fllill K% L36 EALRIT, iR &K
% Ll6 BERRIZEITIT ANKFThoZ—E U ET I (PRrs) & 3 K (=
1.44, 1.46, 1.48) LL7=AF 1,728(=36x16x3) [l D 1 RILMENTIZEDZ —E Y
fifi ) &SR 2D ORE RO HIENE SN HEFHHE T 5,

SIN LEREWIEEBRZER 1 EF v 77T FUABALLC RIS E) ITxf L
TH—E il ) N LIZLL 2 D728 S/N e N K EFUVNEE Thomas Force 23
INEL 2%,
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CONTROL FACTORS
L36 Orthogonal Array (16 Parameters)

a0

Turbine System

INPUT OUTPUT
Pressure Ratio Shaft Power
( 3 Levels)

Shaft Power
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Pressure Ratio

ir

NOISE FACTORS
L16 Orthogonal Array (15 Parameters)

=

Fig. 4.10 Parameter Diagram of Turbine System

4. 4.5 ERRERALBHRMEHES

Fig. 4.11 |[ZI34F4E S/N O E R B R X AR, PO 7 L7 7y e
B IXH AR - & F DK AR T, Fig. 4.11 X0, BE%E S/N 2% LR E
MRZENDIFRD 6 DOHFHIA T ThHD,

JAVE N E (K- D)
JANVEE O AE (KT G)
B3I T 74 (KT 1)
B3 0 A (K7 L)

B a—RE (K+ N)
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Fig. 4.11 (i3, BATE OKAEME L B EIEI T, SIN R R &7 K HEfH
AR TR L TWD AT OHIEIE 15 S/N AR ELZRDDFHAITHE LY
HKEEZ/NESLTDH M ERSTND, 1E->TIROHF B b T o kG A
Tl ZHS O HIH K O3 3% %5 P 2 Z O FLPH ISR VIA A TR il iR OYE R 21T
Yo

ZOMEERMITK LU THBUE DR 21T o728 K4 Table 4.7 [T T, 1%
% S/N L OHEE R4S 4.52dB (2 UHERRFFH A A5 1T 4.18dB, £ D 7T 0.34dB
RO RIFO 1 FIRRETHY, BB EZ A THILaMR TEZ, Lok
4dB OF|FF1%., Table 4.5 |2 TEE LR 2R 128§ 28l H /) DIXH > & 38
ITRIZH AT 40%RIH T 5282 BER L TEY, £1i2kY Thomas Force /)
S<72%, 723 Thomas Force DRI N SR IZ-DU Tl 4.6 il THEN 9% CFD fif
M2 ko> THREEZAT ),

LI FIZR 37 A= #5525 > T, Thomas Force DIKJHIZE 5- DK E705%
T A2 T O RXVE M OEE, O RXVEM OME CBIEYVT 0T 17,
BRI AME CBEa—RNR”, “F o7 7T TR THLIENRH BN
7=

64.00
63.50
63.00 \

62.50 \ \ N \

62.00

61.50

Signal to Noise Ratio [dB]

61.00
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Fig.4.11 Graphs of Factorial Effects for Signal to Noise Ratio
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Table 4.7 Confirmation of Reproducibility

Signal to Noise Ratio [dB]

Estimation Analysis
Optimum 66.12 65.85
Original 61.60 61.67
Gain 4.52 4.18
Reproductivity 0.34
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BEM7ILIVXALICKSZEMNZEIL

4.4 fiD/RTA—HFEFHIZE - T, Thomas Force DRJRIZE 5 O K Z7e5k it /%
FA=ERRA G272, AHITIT) MOGA ik Tk, 2o &5 DO KRE2R
WX it /3T7A—2%% Thomas Force 23/NS<RDOFPHITKVIA I, F—E U EHELHE
J B RERIE B SN 2 7% B #2175

4.5. 1 EERKLVERNOMEmEIELH

MOGA #zii . ClZ, Thomas Force IZMX T, #—ErER&BLOHEIL ) 2H
TRFE BRSL M OFG AR L L TR E L, ZOEEET A ZISE i mIEIZLY KD
Do ARS—EVEBITI -V TRREL T O T T & THLHA, 22T
H—ARGHCEEBR T - B E (T4 A7 23 R OE & DR A
xtGET D,

LT T AR D72 | Table 4.8 (27~ Tl K L L18 ELAZ R LA A
Table 4.9 (IR MG ¥R (F T OBAEIEHE A 1 DK LR ) ITTEWHF
—bEUERFL, At 18 RKox—v Bk (T R) 2155,

B 18 KDY TN SIZH LT, CAD ZHWTT A A7 b & O 3 IR
REFNVEAERL, 2O 3RITLET ADLRDIARTE M BHE E NS 7 L8
DH—EVEBEERDTND, BIEDIZHOWTHRERIC, CADIZEVEM LT3
WL IRET MTx LT FEM T Z1T VN, & 7V R OIS 1% RO TV
%, Fig. 4.12 [ FEM &7 VX LR S E 2797, R R OX —E 13 1A
HCTHDHIZD, FEM 7 WVITEIEBIONT Iy bR — A OHREL, T4 AZET
DET MEIZLZRW, T Ty IR —A N Z5E R ML, &8 Bli5 57 (46,300rpm)
TOE LA EICEDE RO/ 25l L TWD, X —E M EHZOWTIE,
IR EF UM B A &L C= o IV BRTHBAVE 42 (T4 A7 - Inconel 718, B3
MAR-M247 LC DS (— 7l &EE R ) ) 2 H vy, £ OM BHREE X SCHR[67] 0 fE %
LIRS
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Fig. 4.13 (ZIFA LR B RRGERE 2R 305, (b B AR EIE 0.9 LA
ko THEY, EEBLOREE NOELXN 02 EEZH L TWDHIEN
WTEXH0T, Uiz nooir Iz AW CRiELEITo2810T 5,

Table 4.8 Control Factors and Their Levels for Approximation Model

Level
No. Control Factors Unit
Level 1 Level 2 | Level 3

1 A |Incidence Angle at Rotor | deg. 0.00 2.00 -
2 B Sta'tlc Pressure at Nozzle MPa 17.2 17.6 17.9

Exit
3 C |[Solidity at Rotor - 1.20 1.65 2.10
4 | p |Leading Edge Radius ofl | 0,600 0.711 0.800

Rotor
5 E |Blade Exit Angle deg. 24.0 27.1 31.0
6 F |Stagger Angle of Rotor deg. 12.0 18.0 24.0
7 G |Chord Length of Rotor m 1.20E-2 | 1.62E-2 | 1.90E-2
8 H |Mean Diameter m 9.50E-2 | 1.00E-1 | 1.05E-1
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Table 4.9 Combination of Control Factors for L18 orthogonal array

Control Factors

No.

10

11

12
13
14
15
16
17
18
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FEM Solver Pushbutton FEA®
Model 3D Solid Model
Material MAR-M247 LC DS

Loading Condition

Centrifugal Force (100% Speed)

Constraints Blade Root Fully Fixed
Model size 11,440 elements
Fig.4.12 FEM Conditions for Approximation Model
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Fig.4.13 Accuracy Validation of the Approximation Model
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4.5. 2 BEIEEEDERTE

MOGA IAMOEAL MR AR E LTZFH A FIE T, fEOREITIT MOGA
D THF 2—=2 7 RTA—ZRIE(ER T, L F e NSGA-T1 & A
%o I A% 80, THARH 200 EL T, MAFHT 2L 16,000 [l D 1 WK ITAFAT (2 LD A i
iz KD,

Table 4.10 (T H BB BLOHARME2TR T, ZETIET DUV AT LK
— AR T BR PR LRDFMEERT D, T RO —RR T —E
D R LITR TR TERSINOH e ERRF—E U TERT HIE
Toh b, ZHLIZM % Thomas Force BLUE G )H HAYBEEL, Zb 3 DD H
B3k 2 /IME 975, FHH S EL T, R 7 B (BATREFL)
Nz, T VUV AT REDYy T U T EER L, AUt BB IO R A
[ E 35,

Table 4.10 Objective functions and Constraint functions

Objective functions Turbine Weight: Minimize

Thomas Force:Minimize

Blade Stress:Minimize

Constraint functions Tubine Shaft Power:Fixed (23.6MW)
Turbine Flow Rate:Fixed (41.2 kg/s)
Rotational Speed:Fixed (46,300rpm)
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4.5 3 RBEILEROBRBLEEBORTE

MOGA HFiEfb Tix, D B, fK &L 722 R T — 20315
bNb, ZOXH7T —HIZR LT, SOMIHc ka7 — 2 BB NE L TH 5,
SOM I% K TLT — 4% 2~y LORBEELTRTT —Z LD FIET
HY. BB A BB O — A7 R AP RS,

Fig. 4.14 |21 SOM (2 X5 7 —# B HAE R A7~ T, Fig. 4.14 L BT H B
(X972 SOM L7 > TEY, 35D H BTN —F A7 DRfR 2R 2803

D5, Pl ZIXZ—EEBEDR/NERDLAE (SOM O/ T) Tidk, Thomas
Force &35 /713l /IMEIZIX 72> TRy, F72 Fig. 4.14 FEBIO T EIZIX
RERIRREFIEEIT 5 SOM 2303, ZNHDOfE b H B LR
BHEDOBR N2 D, Bl 2IE4—E L EEED SOM(FEA) ¥ —E
HEO SOM (B E) TP OB EZ R L TRBY, Wi # 1L EOM BB (=75
BN SIWVFEF - EHBEOERD) AL TND, FERIZ/ AV A A E
(B ) B3 YU T 7« (FHBEAT) 1X Thomas Foree (B H9u) 1ITxf L ThH
EOMBBEGEA RS, ZOBMRIX Fig. 411 IR TER BRI ELES T 5,
Fo BEH O AEDO SOM(TFERE)LCEE S S0 SOM (T B 1) 1335 7
® SOM (LB A7) EHERL OB Z /R L TEY, Al 1XA OB BERE%E IXE
OFBBR AR L TWD,

L EIZ/RLTZ SOM M b¥ —E U & | Thomas Force, 3G /71Xl vb e —R
F7RBRERTIENG BB R TR /MET LT kW, E->T4.5.2
T Nl R b O E REBEA IWHI CIXE BRI/ ERDY — 8 &b
fRELTEIETDIEITT D,
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Fig.4.14 The SOM of Objective Functions and Design Parameters
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4. 6 BEILEDRHFHEELR

458D MOGA L ICXE SN E R IZHOWT, b oZ—r
TR RO T OW T LB R B AT O

4.6.1 RITELOHFMHELER

Table 4.11 (T, fc i B O IRFr M E 2 BAT R LI U OR 7, foil 333847
B\ R B DN SBY R B 3 EE 2 5 5 161 T4 T TR 133 s &
i SEL T AR ME N R ELRDTTANTELL TS,

Fig. 4.15 |2I3#—bE > ®E &, Thomas Force, #)& /], ¥ —E L HiH /), Bh3
G AE O R IZ DWW THATRZ LB R L REe T, (BELLT,
Fig. 4.15 H11Z1% Thomas Force 23 /N7 58 O EE (D) b OFFE 975, ) 72k
Fig. 4.15 (23317 % Thomas Force X 1 IRICEATICED KD TH5H, (CFD I
X% Thomas Force {18 %h B DR FEAE R AW T 4.6.2 THIC TR 5, ) i
52 (@) I XBIATEE (%) 12k~ B &A% 10%., Thomas Force 73 20% Kk S 41543,
BIS SEHE T (10%) N5, LinLZ—E @i i 3BT R LR S Tho il
HAAT it 2 LT D, Fig il 3 D ) 3 [ A E T EAT RIS LT 10% EHT5
RN, ZORBIZONTIL 4.6.4 T HTEERTHIEIIT D,
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Table 4.11 Characteristics (Physical Configuration) of Optimized Blade

) .. Optimized
No. It Unit 0] 1
© e o HEd (Weight Minimum)
1 | Overview
Meridional
2
Shape
3 | Mean Diameter m 0.200 0.190
4 | Tip Clearance m 6.00E-4 5.00E-4
Position Nozzle Rotor Nozzle Rotor
Number of
5 Blades 30 64 25 69
6 | Blade Height m 2.03E-2 2.26E-2 2.34E-1 2.55E-2
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Fig.4.15 Comparison of Blade Characteristics
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4. 6. 2 Thomas Force 1B ZhER DR EL

ARIATIE 4.6.1 THO 1 IRITFEHTICRVIEE LT 3 1Tk LT, CFD fi##ric
&Y Thomas Force DFFAliZ1T5, CFD fEHTIZIZINH =2 — R O E#E M B = AR
— 7 Za2—RT®5 Pushbutton CFD**"ZH 115, Ka—RiZL A/ LB Eh
e A= 2AFBAEZESEICLVBELLDTH D, ELIEET LIX
Spalart-Allmaras 1 J5 f22E 7 V24 7 U, B U 55 13 BE B 5 2 il VW 5,

Table 4.12 (ZIXfEMT Stk % . Fig. 4.16 ([ZIXfENTHE T- 2R 7,

CFD f##7i2J% Thomas Force 1B ZN R ORGERE K% Fig. 4.17 (TR T,
Thomas Force I% 4.2.2 THIZ/R L7= Cross-coupled Stiffness (4.2.2 THDO X (2) | LA
T Ky EBT) 2 VT T2, RAICIE 1 RIERITICEYR DT Ky OIS
BFR LTl 975, CFDICXVR D 72 B it 3 D K, 1% 5.6x10° [N/m] TH Y, BAT
B O (Key=8.2x10° [N/m]) LLL#ERLTHI 30%MKL TRV, 1 WL LY

SEAM U7 AR 5 (K9 20%) L1FIE R % THAZ LD R TX D,

Table 4.12 CFD Conditions

CFD Solver

Pushbutton CFD®

Operating Fluid

Combustion Gas (Ideal Gas)

Boundary Condition

Inlet: Absolute Pressure
Absolute Temperature

Outlet: Static Pressure

Wall: Non-slip, Adiabatic

Space Accuracy

2nd Order

Turbulence Model

Spalart-Allmaras 1eq. model

Y+

200

Cells in Tip Clearance

12 Cells

QGrid size

1,960,000 Cells
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Fig.4.16 Computational Grid
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Fig.4.17 Comparison of Thomas Force
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4. 6. 3 B DO

4.6.1 HXY feiE B OBIS IJIFHATEICK LT 10% L7506 REQRST2DN,
ZORBIZOVWTHRGTT S,

Fig. 4.12 \Z/R T80, A CTILEHK [BHEE5L (46300 rpm) (2 B s ) %
FEM OffBEGMFELTH 2| 0 ff 3T 23 ARE OB ) (1 WIS 7)) &5
ikt G EL TS, R —E L OB T AITKFE L OEIBRET A THHT-

(A B DK FWEE SR EE 2508, AL —r OB BB (MAR-M247 LC
DS) 134 AR EE (9 900 K) (2381 DEEM RO Fe ME DA T ITHES KSR IZLDMealk

DB Z FIRWM BN T D, I I FHlifs R % Table 4.13 (2789728, fe il 3 o
RERFIT28E+ N RERFEALTBY, BUTHR (Z2E3.0) oM EHEE T
THZLHELSRR AL T2 A B3R BT, H UAREAM #5 F 1305 O fif B ISxF LT
DR AF (FRFFELZ2V) THY | 4% ITBE ISR KEER Tz L /1<
AT T, 2 W) (B ) BLORE S 172825 B L, L 2R3 K
¥ DR ZATHO ML ERHY, ZNHIZONWTIEAS H ORETH D,

Table 4.13 Evaluation of Blade Stress

Original Optimized
Item Unit
Blade Blade
Blade Stress MPa 324.8 350.4
Proof Stress MPa 1000 —
Safety Factor - 3.0 2.8
.86.
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4. 6. 4 BHEEFAEEDH KRB EDOKRE

4.6.1 THIY | fe i 3 OB 3 E A EITHATEICH LT 10% L7358k R Lo
BIZOWTIRET D,

BUATHE OB R BRIV T, [BlE52 40000rpm {3 U7 TOIEHE I [ 23 & W5
B BB 2 Wl iF T —RE Xy 2 —J iR 1) (30 #0) LD AR IC L D8 3
HEBRAECTZ, 2O REL T, VAVEME A 33 ICE T LILIRZ AT 50
WOER S0

Fig. 4.18 |[ZI3HRERBIOHITERHONR LN 2B RIES £ —N%, Fig. 4.19
R E R B LORTROF v~ LR EZ TR T, 250 hOEBE—K
L A EIE FEM ([ZRORO TR E CTH D, FEM OfRHT 5% Table 4.14 IZ
RY, FEM EF MVEBRBLVOT Ty =LA ORZLEL TARTETOET L
fLixligv, 7Ty bR — A Tl & 5E R M AR L, E &[5 #8545 (46,300rpm) Tz
DT RS T CEIEE A EE2R D, Fig. 4.18 XVEE 1 kihif=—RNi33E 4
AR ELTET T HE— R, BB 2 )i — NI R % GAER L,
B S0%A/ AL TOEBNKRELRDE—RThD,

ANSY

7205, 2D

55
=

e

N

Table 4.14 FEM Conditions

FEM Solver Pushbutton FEA"
Model 3D Solid Model
Material MAR-M247 LC DS
Loading Condition Centrifugal Force (100% Speed)
Constraints Blade Root Fully Fixed
Model size 11,440 elements
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Fig.4.18 Comparison of the Blade Vibration Mode (FEM Results)
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B30 Ko) O 415 40000rpm £ 3T TEYE 2 Rl T E—RFOE A EICIELS, B%
BRI B W THIRZE LR ZF B TE TV 5,

— 7 DR GE I DX~V (Fig. 4.19 (b)) & RDHE., feiih 3 ¢ dh 3 [
A Q W FE—R)BE T LA (K 10%) 72288 7 ZVEBENBATEIC
AT RIeD 281280 ER R (46300rpm) (2R WV TH 25 N—F=v7
(VAVEAEL 25 BOITEYHE 2 WEhiFE—RFOEFEEZ#EZDZEI3HES 15%
VL E DR AR > TR A EHEL TOW DI EDRMER TE D,
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4. 7 Thomas Force {EiE |-k 58 R IR 8 & E 45

4.6.2 THXY, fi# 3 D Thomas Force [THLTH &b T 30%IK 8 328 £
55 7-, A TlX Thomas Force 237 —/R7AR L 7 il 5% OIS 8h 22 & M1 1T 4
BB AT BB IEE T LA W I B AR T AT O,

4. 7.1 A—RROTHMRDETIVILERTF &

i P B AR AT 1S AdachiPIO ARG LIz 4 —RR Tl R ORI IRE €5 L%
M2, TR G0 LE-7 IR K FE X —RR7EL, —RITIFVEFRZH T
R LT-AREFRET V% Fig. 420 12T, ZOFREFRET UL, fih, 1>
Ta—W B BEBIOE AT iz SR (R 7 e 2 —e Al o
TP L — L BRI R o TR RS AL, AR AL 121 Table 4.15 12
REMEMEE S 2 T0D, KET L DO4ENTL 0.564m, EE (L 21.1kg THD,
ZAVS O R O [ O A AR AT B IR IS ZV B L. £ OME IR O free
- free IRIEIZB T HE A IRB B EFE L — BT 2IDITE D, [RER 803 [l
PEOE S il 52 SCRPIR BB T OB A IR B A STk [64 IR ENDHE L — BT 589
(ZRE BT, il 5 SRR TOE A IR B B D I #E B A Table 4.16 (27 37235,
[ A7 92 B 2 O R AT I & TR S 1L B AF IS IS L TRY | ARET VD% M4 fif
LT,

.90-

This document is provided by JAXA.



600

T
550

T
500

T
430

T
400

T
350

T
300

250
Axial Length[mm]

T
200

T
150

50

-a0

200

150 -=mmmmmmmtma-
o4

-50

Fig.4.20 FEM Model of Turbopump Rotor
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Table 4.15 Material Properties for the FEM Model

Component Material Density (kg/m’) Youni’é;\;{)odulus
Shaft Inconel Alloy 718 8,220 216 (-189°C)
Inducer Ti5A1-2.5Sn 4,500 132 (-253°C)
Impeller Ti5A1-2.5Sn 4,500 132 (-253°C)
Bearing SUS440C 7,870 220
Shaft Seal Inconel Alloy 718 8,220 190 (204°C)
Turbine Inconel Alloy 718 8,220 163 (649°C)

Table 4.16 Comparison of Lower Three Natural Frequencies of Linear

Vibration Model of Turbopump Rotor

Natural Frequency (Hz)
Vibration Mode
Analysis Experiment
1*' bending 254.7 250
2" bending 350.6 350
3" bending 463.2 -
-92.
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4.7.2 BITEH

Table 4.17 \ZfEMT S Mh %77 97, RMEHTIEZ —E D Thomas Force 73l %
DIRB L EMICKIETHEBL LB TLIENHNTHLZD, ¥—RK T D
MRIZ IR B) €7 LIk L TIL Thomas Force DAEH DA% %5 fE 35, Casel 1L
Thomas Force 23MEH L7254 | Case2 % 4.6.2 TH TR DZHL{T# O Thomas
Force 2MEM 35354 . Case3 |3 1# 3 O Thomas Force (BL{T3 2L ~T 30%
K30 2MER T 55 6 Ik HS LT D,

Thomas Force DAFMIZIVA UMM IR B IE, Bl R DR IME T 325241280
AUDHEBIRE) TH D, 16> Tl R IR 8 22 & MO FEAm I, SR B AEAT 12K 15
LNLHHE—ROE—FNRE LA KT 528280179,

Table 4.17 Analysis Condition of Linear Vibration Model of Turbopump Rotor

No. Cross-Coupled Stiffness, Ky, (N/m)
Casel None
Case2 8.2x10°
Case3 5.6x10°
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4.7.3 fRITHRE

Fig. 4.21 TN RE R A3, R AELNHX 1 kD 3 RETOKIREE—FR
(F: AV (Foward Precession) . B: %% A[AlY (Backward Precession) ) Z7~ L, 4%
F—FBRLEDOREZEBRTTTDEESTERLTND,

Thomas Force DAEH &5 2 725 (Casel) | & F— RO L 2~5%F2
L7 o TERY, Al RITEL E THD, LHL Thomas Force DIEMAEH B L=
A (Case2) IZIE, LIRATEID (1F) OF — RS 0% EICETIR T L TEHY,
ZOREE L OIR T IZE - T RETED OE#RE) (K 250Hz) 2338 4T 52812785,
ZHUZXL Thomas Force DARIE (BATH T T 30%IKIK) #7255 &
(Case3) 1ZiF. 1 WHTEIY (1F) DF—RR D 1.3%MREICETLRET L8R
DB,

4.2.1 HIZTHRAR7ZIDIT, LE-TA R KFE X —RR T ORRFEIZBNTITY
— NV OFRFELICL> TR RO EEZ LR BREONTZN, £
AT %, Thomas Force H AZKN T 2ZLI2OWTH 1 KATEIY OHhRE) D
MEN L THE R R CThDHZ L a MR LT,
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Table 4.18 Correspondence Relationship to the Results of Parameter Design

Component

Important Design Parameters

by QFD

Design Parameter for Reduction
of Thomas Force

Nozzle

Pitch Chord Ratio

Throat Area Ratio
at Nozzle Exit

Trailing Edge Radius

Blade Aspect Ratio

Nozzle Partiality

Mean Diameter

Nozzle Exit Angle

Blade Angle at Nozzle Exit

Blade Height

Static Pressure
at Nozzle Exit

Rotor Blade

Blade Thickness Chord
Ratio

Pitch Chord Ratio

Blade Solidity

Trailing Edge Radius

Blade Aspect Ratio

Blade Chord

Tip Clearance

Tip Clearance

Axial Gap between
Rotor and Stator

Mean Diameter

Blade Exit Angle

Blade Angle at Rotor Exit
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