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A Study on Development of Supersonic Turbine Stages with High Efficiency Aided
by Sensitivity Analysis
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ABSTRACT

This study deals with an attempt to develop a new methodology for improving aerodynamic efficiency of
supersonic turbine stages for rocket turbo-pump system. A key technology employed in this study is a sensitivity
analysis based on ANOVA (Analysis of Variation) decomposition and Sobol’ indices, which is applied to an analysis
of the database formerly obtained by Namba et al. ) during the optimization process of turbine blade profiles in
a rocket turbo-pump. In this case a surrogate model is constructed from the database using Radial Basis Function
Network (RNFN) since a huge amount of data are necessary to calculate the Sobol’ indices. It is found from the
investigation based on the Sobol’s indices that two parameters belonging to the 1% rotor and 2" stator have dominant
impacts on total-to-static turbine efficiency, which are the ones that control camber lines near the trailing edges. Two
and three dimensional flow analyses using a commercial flow solver are then executed to elucidate the reason why
those two parameters can bring about higher turbine efficiency. Furthermore, structural static analyses are made to
confirm that there surely appears a trade-off relationship between the turbine efficiency and structural soundness.
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Fig. 1 A meridional view of the target 2-stage turbine with their
cross-sectional profiles
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Fig. 2 Blade profile drawn on a deformable mesh by use
of control parameters

0.70

R=0.8960
0.65
=
S
=
%a 0.60
kS .
< .- o
Q; 0.55 ] P
C? rd i
B, 050 //
0'43.45 0.50 0.55 0.60 0.65 0.70

T-S efficiency

Fig. 3 Performance check of the surrogate model by use of
LOOCV method
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Fig. 4 Pie chart of Sobol  sensitivity indices
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Table 1 Comparison of Sobol' first-order sensitivity indices
obtained by LHS and QMC

Parameter LHS QMC
2S-8 30.3% 30.4%
1R-B 29.1% 29.0%
1R-Lr2 4.65% 4.66%
1R-Lm 3.88% 3.68%
1R-Ltr 2.67% 2.63%

Table 2 Sobol second-order sensitivity indices

Parameter Sensitivity indices
1IR-Lte - IR-y 4.83%
1R-L11 - 1R-y 2.64%
1IR-L1e - 1R-« 1.25%
1R-Lt2 - 1R- L1x 1.10%

1R-Lr2- 1R-y 1.04%
1R-Lti - 1R- Lg 1.02%
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Fig. 5 Impacts of two dominant parameters on the turbine
total-to-static efficiency
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Fig. 8 Results of 2D flow analyses for three cases with different
combinations of dominant control parameters (left:
absolute Mach number, right:entropy)
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Fig. 9 Mass-averaged entropy increase obtained in 2D flow
analyses for three cases with different combinations of
dominant control parameters
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Table 3 2D loss coefficients for all combinations (deeper shade

means larger loss)
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Fig. 11 Mass-averaged entropy increase obtained in 3D flow
analyses for three cases with different combinations of
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138920%) 0 =B, r—AQQDHAIE, 2 WL, 3K
TLEHIZ 2B H TORIEIXI0%FRETH 5,

1 BeBh3l R O 2 B3 £ b 0 o 3 oty 2 A58 A4 IR
WEHOLPIZT 5720, TNEFNOEBFREKICH T 56l
FIENCHEE R TN TOBGRBEE 63 >~ ¥ — % Fig. 1212
AT, TORTIE, ERHLEEmENZ & 2 wkikh
LAY PO E—AEEANDFLERRKENWT EAIREN
TWb, 72, 1R-B J02S-B DMk & B4 5 = &
TIEBHR Oy Va¥—A g+ s—7%, 2B
HHTO2RIANDEFEGEDN EA>TWDL L5 Db

Table 4124 — ¥ Y ETO 3 RICHIAREE R T, 2
RIEDHE DRIAREE, Far— b EFVOE L
FRICIR- B L U2S- B2t L TR 2 BB 2 7R L Tz
A, 3WICOYEE DIIAREES- B 123t LTI
WHEEH D, IR-BICH L TEIAKEO®ZHREZFDOLH %
AN IE R o TV, 72720, BR/AOEEREIZ —
Z2BOQTHY, THF2RILOLGELEFR L TH b,

Table 5121 3 RICHIARE L 2 oL R L DIt
%/R9o T I°C, Table 5/ OHIAREIL & i th =
Ty P aE—HANRIEFE L Cw b SIS ER W
Vo ZOKEND, KESTOAMD 2 KEDGE X
DL REL, HEICHZ L 3RO R 1B, 2B
EDWHBE S EERDLIENTEL, 2O EIF, 2
Wi & LTz 7— 4 ThEmaHbz b 725 3l <
TA— I RFEDHLBRENFETH D00, 3RtED
BFAROEEME 2 LD TRL TV 5,

Download service for the GTSJ memper of ID | via 216.73.216.204, 2025/07/04.



144 RERMEEALLBERY-ECEOEMRILICEATIME

BARA X2 —E L FR5%

Dissipation Function
1x1012 I W 5x1072

Fig. 12 Dissipation function contours for 1R (left) and 2R
(right)

Table 4 3D loss coefficients for all combinations (deeper shade
means larger loss)

Table 5 Ratios of 3D to 2D loss coefficients for all combinations

o (2] (3]
® 1174 1171 1.166
@ 117 1175 1.151
® 1.204 1.204 1.224
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WACEEHR L 720 BEHFEEIZH14,000, 7 — FEZ#923,000
THbo

o

. Young's Modulus Poisson’ Density
Material [GPal Ratio [ton/mm?]
Inconel 718 193 0.28 819107
Ti-6Al-4V 117 0.31 443x107

Fig. 13 Finite Element model of 1R (Case @@)

IS IIRAT (BRI EHBAT) (21EMSC NastranZ H 72,
Z 2 Cid, FEETF VO, J&J7aH 2 5Eam L
72IREET, WiE$60,600rpm T D5 L)) K OF 3 IRTTE R
TN CIR 72k I 2 ETF VISR L7z B, BEHO
N ZFEETFIVORER / — FIZWEL LTIy Y
73 BB, MILSOSERS LTk ' v,

Fig. 1412 3 7 — A OIS IR I 72 B+ 70 53 A
RY o BEICFig 10CHZ X912, ¥ —20@TIidH#E
T A C O B A A B V5 X PN SR A T B AT RS A L
TWAH, IR-BEWINEEE I & TEARDT v NEN
KT 2% & & HICRBHTMTHNA AL, BHIEAE
T 18] O ) 2= A3l 4 THIR L Cw %, Fig. 1512 3
r— A2V T Dvon Misesib N3 fi & 73 o 2 TD
FRNTIE, BILIRZALIC X 2 AT ORI R DE N2 I 5 A
1295729, @ONERSTICERSINZ, ZOR»S
IR-BAMWIMESE S Z & T 1 BEEEEBRIE COIEAE
MO, #%& & L CTEivon Misesht )5
WASREERRI { TRV A RIZEE AT 2 81052
T& 5, $72, REBIRITERIC D Hvon Miseshts JJ #HI%
PHBLTW5b,

Download service for the GTSJ memper of ID | via 216.73.216.204, 2025/07/04.



Vol. 50 No.2 2022.3

BRERNEEAL-BERY-ECEOSERILICEATIME 145

P/Po,in
0.0 "N O0.7

PS

Case ) @

Case @ @

Case ® ©

-
~

Fig. 14 Static pressure contours over 1R entire surface for the

three cases

von Mises Stress [MPa]
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Fig. 15 Contours of von Mises stress over 1R entire surface for
the three cases (Inconel 718)

Fig. 16(213m.0: 7] % 5 L 7238 D Kvon Misesht:
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DE WD X 5 I Kvon Misesht EDZEALDOEHANIE Z D
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Fig. 16 Maximum von Mises stresses identified in 1R FE model
for Inconel 718 and Ti-6Al-4V
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