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Multi-Objective Optimization of a Rocket Turbopump Turbine
Considering the Turbine Characteristics
(i.e., Rotor Weight, Blade Stress, Avoidance of Blade Resonance
and Thomas Force)

Junya TAKIDA™, Taro FUKUDA", Ryoichi UYAMA ", Kenichi FUNAZAKI"
and Masaharu UCHIUMI !

ABSTRACT

Because rocket turbopump turbine blades have higher loading, there is a possibility of shaft vibration
problem due to "Thomas Force". In order to reduce shaft vibrations, it is important to keep "Thomas Force"
small. In the previous report, validity of optimization process for the reduction of Thomas Force was
confirmed by performing Parameter Design and Multi-Objective Genetic Algorithm (MOGA). In this paper,
by increasing the number of objective functions, the results of multi-objective optimization for reduction of
Thomas Force and the considering the feasibility of blade structure are discussed. It was found that
optimized blade reduced 10% in weight, 30% in Thomas Force, compared from the original blade.
Keywords : Multi-Objective Genetic Algorithm(MOGA), Parameter Design, Rocket Turbopump,
Self-Organizing Map(SOM), Thomas Force
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Fig. 1 Cross-section View of the Turbopump

Table 1 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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Evaluation of Signal to Noise Ratio from
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MOGA Optimization
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Evaluation of Thomas Force by CFD
Evaluation of Blade Stress and Weight by FEM
v
Optimized Blade
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Fig. 2 Flowchart of the Present Optimization
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Table 2 CFD Conditions
CFD Solver Pushbutton CFD"
Operating Fluid Combustion 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
Grid size 1,900,000 Cells

Table 3 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. 3 Parameter Diagram of Turbine System
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Table 4 Control Factors and Their Levels for Parameter Design

. Level

No. Control Factors Unit Lovel 1 Lovel 2 Lovel 3
1 A | Thickness Chord Ratio of Nozzle Blade - 0.180 0.200 -
2 B | Thickness Chord Ratio of Rotor Blade - 0.160 0.180 -
3 C | Wedge angle of Rotor Blade at Exit deg. 4.00 5.90 -
4 D | Static Pressure at Nozzle Exit MPa 17.2 17.6 17.9
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 | Blade Exit Angle at Nozle 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 J Leading Edge Radius of Rotor m 0.600 0.711 0.800
11 K | Incidence Angle at Rotor deg. 0.00 1.00 2.00
12 L | Blade Exit Angle at Rotor deg. 24.0 27.1 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 5 Noise Factors and Their Levels

Signal to Noise Ratio [dB]
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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 C | Stagger Angle of Nozzle deg. 0.00 0.50
4 D | Thickness Chord Ratio of Nozzle Blade - 0.00 5.0E-3
5 E | Blade Exit Angle at Nozzle deg. 0.00 5.0E-2
6 F | Chord Length of Nozzle m 0.00 1.0E-4
7 G | Trailing Edge Thickness of Nozzle m 0.00 5.0E-6
8 H | Leading Edge Radius of Rotor m 0.00 5.0E-5
9 I | Stagger Angle of Rotor deg. 0.00 0.50
10 J | Thickeness Chord Ratio of Rotor Blade - 0.00 5.0E-3
11 K | Chord Length of Rotor m 0.00 1.0E-4
12 L | Blade Exit Angle at Rotor deg. 0.00 5.0E-2
13 M | Trailing Edge Thickness of Rotor m 0.00 5.0E-6
14 N | Mean Diameter m -2.5E-4 2.5E-4
15 O | Tip Clearance - 50% Narrowed Nominal Clearance
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Fig.4 Graphs of Factorial Effects for Signal to Noise Ratio
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Table 6 Objective functions and
Constraint functions

Objective Turbine Weight: Minimize
functions Thomas Force:Minimize
Blade Stress:Minimize
Constraint | Tubine Shaft Power:Fixed (23.6MW)
functions Turbine Flow Rate:Fixed (41.2 kg/s)
Rotational Speed:Fixed (46,300rpm)

4—3 HEBELRROBELRERETE
SRlORE L TIE, B BB, HiIKI%
a2 KT — 2™ Gons. Z0L)
72T — 2 LTI, SOM 12 & 57— & #EH)
AT D. SOMIZZRILT —F & 2RI~ >~
7 EORE S LTERT T —Z A UEOFIETH
D, HBREECOREIABM O b L — A7 B
RIS,

Fig. 6 (21X SOM (T X 57 — & Bk R 2 7R

This document is provided by JAXA



1

AT ZE AT FE PR FE AR T 72

BHI &R JAXA-RM-12-007

Turbine Weight Thomas Force Blade Stress
4078 Minimum Point 1131 3148
4063 1126 3732
8 ; 4019 1120 15
I 1114
S | it i : o
1.10% | 1
2 by ot e
:S 3978 1092 3635
L]'_‘ N 3960 i 1.087 ELE)
o by : ‘ g | oo
2 2916 INE . ] 1070 T 673
o m 3901 ] 1064 3557
o HAHEHHHHH 1885 1050 H 3541
. 1.06%
=y e s
O 3842 [T 1042 3483
3827 1087 T 3477
3813 1031 HHH 6.1
3798 1.026 . . . 3445
Minimum Point =~ " Minimum Point e
Nozzle Outlet Pressure Nozzle Exit Angle Solidity at Rotor Blade
e o s
HH 1780 18.63 1342
F i 1778 1849 EE 1340
T 1779 18.36 I 1337
1778 1822 | T 1335
1 7 1808 ma 1338
I e 1795 1331
1T [N 1776 T 1782 1329
w S5 B £
HHHH i R L i
H 173 EH 171 1310
-+ 1713 17.00 1316
O i e T 1687 1314
T my 771 1673 1812
1 T 1771 16.60 1309
v 1770 1633 1308
s 1789 16,19 1308
D [Positive Correlation with Positive Correlation with
g Thomas Force Thomas Force
—
<
‘:; Blade Exit Angle Blade Height of Rotor Turbine Mean Diameter
.20 o e
] o i o
pLEM] T
a o i | v
2642 1 9783
2632 4765
2622 9746
i 212 9728
1 2602 9709
| 2607 9681
T 2582 9673
’ %71 | T 0654
2562 96.36
2542 9599
1 2532 1 T 9581
I 2622 I J 9558
%12 9544
[Negative Correlation with Positive Correlation with Positive Correlation with
Blade Stress Blade Stress Turbine Weight

Fig. 6 The SOM of Objective Functions and Design Parameters
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Table 7 Characteristics (Physical Configuration) of Optimized Blade

No. Item Unit Original Optimized (Weight Minimum)
1 Overview -
2 Meridional Shape -
3 Mean Diameter m 0.200 0.190
4 | Tip Clearance m 6.00E-4 5.00E-4
Position Nozzle Rotor Nozzle Rotor
5 Number of Blades - 30 64 25 69
6 | Blade Height m 2.03E-2 2.26E-2 2.34E-1 2.55E-2

This document is provided by JAXA




8 T2 TP SEMEAEDT JEBA S8 B JAXA-RM-12-007

@tKw®ﬁ%ﬁﬁLT%@T5.@DKiU
RO T Bl E D Ky 13 5.6 X10° [N/m] TH Y, Bl
TR OM (Ky=82X10° [N/m]) & thile L CTHY
30% (KM L CTHR Y, 1 WOTRHTIZ L0 3l L 72
BN R (K1 20%) &A% THDL T & afEd L
7-.

BISINTHOWTLLFIZEEET 5. Table 3 (2R
T, R CILEREEES (46300 rpm) 1235
750 )1% FEM OffESMEE LThH %, &=
O ISR D BAREOMES) (1 WIsT)) %3
flixtge e LTW5. RKZ—E L OBREN A R 13K
2L D EIRIRIEST A T 2 T2 DI B DK FHE
WatE s RIRE & 72 578, A& —E v o##EME
(MAR-M247 LC DS) &6 HIREE (K9 900 K)

B DR E OIS T IR ELS, KFEIZKD
Wb DB E Z T IR WML CH D SRR
H% Table 8 IZ/RT A, IEHE DL ERIT 28 &

F oy A L TR Y, BUTHE (L4 3.0)
DOMELEEFE S D 2 LML RN 5 RA
oo (B UASEHRS R 3 O ISk L
DR (BRFE L2\ ThY, 5%k

i ‘ ‘ v 33H
3.0E4+04 Resonance Point of !
| Original Blade :
i 1

/ 30H

2.5E+04 !
— |
T 2.0£404 .
= 1
> 2nd Bending Mode 1
= 1
< : 1
g 1.5E+04 !
o 1
o 1
T 1
" 1.0e+04 .
' 40000 rpm !
1
5.0E+03 1st Bending Mode '
| 100% Speed
i (46300rpm) _ |
0.0E+00 : i 1 1

0 10000 20000 30000 40000 50000 60000
Rotational Speed [rpm]

(a) Original Blade

E XN A RKREEEETOmRLSIR0H AT /7,2
Whis ) BT ) B X OMRENIS 172 E A EE L,
XV EE B OFMEIT) TETHD.

Table 8 Evaluation of Blade Stress

Blade Stress MPa 324.8 350.4
Proof Stress MPa 1000 —
Safety Factor - 3.0 2.8
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Fig. 9 Campbell Diagram of Present Optimization
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Densi Young’s
Component Material & /mt%] Modulus
& (GPa)
Shaft I“C‘“;ellgA”"y 8,220 | 216 (-189°C)
Inducer Ti5Al-2.5Sn 4,500 132 (-253C)
Impeller Ti5Al-2.5Sn 4,500 132 (-253°C)
Bearing SUS440C 7,870 220

Shaft Seal I"C"n;llg“l"y 8220 | 190 (204°C)
Turbine I“C"nfllé“by 8,220 163 (649°C)

Table 10 Comparison of Lower Three Natural
Frequencies of Linear Vibration Model of Turbopump

Rotor
Vibration Natural Frequency (Hz)
Mod
ode Analysis Experiment
1* bending 254.7 250
2" bending 350.6 350
3" bending 463.2 -
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Fig. 10 FEM Model of Turbopumop Rotor
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Table 11 Analysis Condition of Linear Vibration
Model of Turbopump Rotor

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