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Parameter Study on Blade Losses of a Rocket Turbopump Turbine

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

ABSTRACT

Due to its special specification, rocket turbopump turbine blades have higher loading and its aspect ratio is
extremely low. In such a situation, it is difficult to predict turbine efficiency accurately in system design
phase of rocket engine. The purpose of the present work is to evaluate the accuracy of existing one
dimensional loss model. By using the steady three dimensional CFD analyses, parametric studies against the
major design variables such as tip clearance, blade loading, blade aspcet ratio, were carried out. These
simulation results were compared with the results that were also obtained by using the existing one
dimensional loss models. 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.

Keywords : AMDC+KO Loss Model, Blade Aspect Ratio, Craig & Cox Loss Model, Zweifel factor

1. #%E

nhy N —RR TR — e OWEEILR
oy RV U RROMRBIC K X 2R A KF
THEERNO—DOThDHID, TV AT LR
ATOIBRE LEERED) ICTRERS #—E
HERED PRI D 1 IRt ET VAR D
LBILTWD., iy NE—RRTHEZ—E
N - BIE I ORGSR L7257 HE
B EDRD T/hE < (KT ALY M), AW
HLRESBRDZEDFETHD. £D—F, 1t
kowvlry N —RRCTHE—E L DMERE
HICIE, FrE O3B 2 3AIEERICEES <
FEBRBEN AL TWEY, BEFEO 1 koo

KETNVELTEZHINTWS “AMDCHKO £
F DO o3k PR 288 2. TV B O FLH >
5, Wt HHENME 0 e TR Tl &
1792 PREETHSD.

AT a sy NE—ARKRTHE—E
(I ATRE R 1 IROTHERE T VO & & H
e L, ARITZEOE—EEE LT, BfFoRn
Ty NE—RRTHE - OHEEE VT
1 WotBRIZ L D BB 21T, 2D 1 koo
REFORE R A RS R L i 5 Z LI KV BE
fFOBEET VARV L Rkt oA AMEZ
M 5. Fo, BT AXY M, BAN, F
T I NT T URAEERE LI TA—F AL

* PRK 24 4512 A 18 B3 A+ (Received 18 Decmber 2012)

*1OFHEES v e VAR TS RHE R IR TER 2 —

TV UMTERRR S —T

(Engine System Research and Development Group, Space Transportation Propulsion Research and Development Center, Space

Transportation Mission Directrate)
VAT AT V=TV 7 3 A

(The Third Engineering Department, Daiichi System Engineering Co., LTD.)

*3 ENLRFEN PR
(Faculty of Engineering, Iwate University)

This document is provided by JAXA



2 FHIMTZEWT

T4 & L IRGTTHRRET M L 5T (LT 2
1 RTCfT 2B d) & 3 IRoTEH CFD fighir &
THHELL, WEOERIZONTELETS.
2. EFEQyy A —RROTHA—EY

D BB
2—1 BARRE S UBAFE

fiEdT g & L CHWEBFEO R 7y R X —
AR THE—E 5 XDFEIL%E Table 1 127
I H—Er A LE-S R P ARk
FH—RRTDE— D THY, #HHHF
AN ZNVEAT 52 BlEEE RS — 2 Th
5. #—bEr BIEFE L LES iRz v |
WkBHE S — AR Tz — L @ ThHb,
HEED 2 Bl ¥ —v o Th o, ¥—E C
KEIM-1 = 2 RO FE 2 —RR 7D
S—tr O ThHY, 2 BlEhiBRTES —E T
bbb, X—ErDEBLOEILLE7 JFR= Y
YRZ—RIR T, BB DRIAKTE Z — AR R
YTDE =, BEDRRERE Y —RR T
DA —E L ThD. Table 1 IR T LI, Bk
RES, HAV~NVOER DA IRFE e D #
—E U ERMTRSRE LTWAR, ZHITEERN
FPH CEEfFRLT T LA MM 21T 5 Z &
EEXLELOTHS.

Z OFBUENTIZITKIE Cocepts NREC £ 1
WL K — B R — L AXIAL™ © %,

PHIEBSAEMTIEPAZE L JAXA-RM-12-008

BB I T D ER o0 A K OV A A BE DS B HELL
BRI LTV D.
2—-2 1 RERATREREEBREREOLR
Fig. 1 (a) Ifi#fTxi5 & Lz ¥ —Evr ojfiiE
1% b B ARt & OB TH S, HFIT
Sk (3) IS THERGEN Thiy- 33 Koo & —
EULHFELTERY, ZhbDF—E i
3%BLUNDOREETTHAETH L Z LRI
TV, ZO—F THREIOMHTRERITICH (3)
DOFRREFLFR I L s ARl /AT % . Fig. 1
(b) (I F — B 2hR o THIE & EFHEE O
FHBAR 273, MHICIE PRIRRZE 3% D0E o
TN, = ABLOE #BRE, TOTHKE
IR CTHDZ EDHERTE S,
WIZTRREE DR o —E DR EE
HIZHOWTLLFIZHET 2. #—Er ADRZE
FRNZDUNTIESCHR (7) I TEOA 7 A
KORBETHLZ ENRINLTWDHTED, 22
TIEZ—E U EBIZERTS. Fig. 1 (c) 1Z13H)
BT AT ML BAAMREOBAXE R
ZDORMNS X —E Y EOEIET AT T
IlZ/h S < (< 1.0), D ORAMBMIZEERT
BRI COFE 2o TS, 2D
EPBH—EUE TIHET A7 M (RES

) IZPESBEEBE/NHEL TS EEZX B
HZ NG, WHENC CRRZEZENZ B IZFHMI MR

FTDHIEODNRTRA—=HZAEZT 4 B EfiT 5.

Table 1 Typical Specifications of Existing Rocket Turbopump Turbines

Turbine A B C D E
. Supersonic Subsonic Supersonic Subsonic Subsonic
Turbine Type
Impulse Impulse Impulse Impulse Impulse
Partiality Partial Full Admission | Full Admission | Full Admission | Full Admission
Admission
Stage Number 2 Stage 2 Stage 2 Stage 1 Stage 1 Stage
Mean Diameter 0.152m 0.152m 0.589 m 0.200 m 0.263 m
Rotational Speed 50,000 rpm 16,500 rpm 13,225 rpm 46,300 rpm 20,000 rpm
Pressure Ratio 4.63 2.25 4.69 1.46 1.47
Stage Loading 6.72 15.9 6.83 2.36 5.59
Shaft Power 440 kW 130 kW 64.3 MW 242 MW 6.4 MW
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(c) Blade Aspect Ratio vs. Stage Loading
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(b) Comparison of Predicted Efficiency
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Results of 1D Analysis (AMDC + KO Loss System)

NG APRBGTIEY)e Rk 2 RET DI D
TARARENT 2 TS 5. Z O TN I I3 K E
Cocepts NREC #1: PushbuttonCFD*® % v 5.

b, &P ERELIE 7L DEW TR R

b2 5%

AP L, FRATRERE & MRATIER] & 0

fRMT %I 521% Table 1 DX —E L E & L, #¥Fih
B OGRsE) ORI D 3 OO & v

This document is provided by JAXA



4 FHIMTZEWT

5. F— BTN ORI Tk~ 72 ELIRTE
FTHABNH WL TWSD . f#il 21X ASME
TurboEXPO 2011 @ Axial Turbine Aerodynamics
v v a VTS — B RN OB DR
(326 £, 2O 1 HTRRAETVEMHEM L
TWLHDIF 61, 2 FRRAET VEMMALT
WHHDIE20 M THD. ZhEEE X, AREIO
T fiEAT Tl Spalart-Allmaras 1 52AE T /L)
(LA S-A EFY) & ke 2 HEXET L O
(CAF kg EFRT) ZHWD. WiF & EEHUT

I TRERSS 2 IV T 5 . Table 2 IZfi#HT 551 %,

Fig. 2 (ZI3MENTHERE & MRHT ] D FLlgeid R A 7R
ER
Table 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 Spalart-Allmaras leq. model
Model k- 2eq. model
Space 2nd Order
Accuracy
Cells in Ti
ois mo P 12 Cells (Clearance 0.35mm)
Clearance
__0.670 20
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Fig. 2 Evaluation for Accuracy and Time of

Computation
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Table 3 Design Variables and their Levels for Parameter Study

Design Variables Level 1 Level 2 Level 3
wha
s,
Aspect Ratio | l
0.4 0.8 1.2
Blade Height 5.3 mm 10.6 mm 15.8 mm
Number ofBlades 84 94 115
Tip Clearance 0.3 mm 0.4 mm 0.5 mm

Table 4 Combiation of Design Variables

Design Variables
Ne- Number of Blades Aspect Ratio Tip Clearance
1 0.400
2 15 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 8 1.200
20 0.400 0.400 mm

This document is provided by JAXA



2N 16% THDHDIZHK L, “AMDC+KO €7 /L7
1% 5%, “Craig & Cox E7 V" ClX 8% & 7> Tk
v, SEHAWE 2 SOEKET M b HEK
/NIl DR & IR0 TN D,

0.900

0.850

0.800
£ 0.750
[ &)

0.700

0.650

0.600 0.650 0.700 0.750 0.800 0.850 0.900

1D Analysis

+ AMDC+KO Loss Model e Craig & Cox Loss Model
Perfect Fit ---- +1.5% Error
-----1.5% Error

Fig. 3 Correlation with 1D Analysis and CFD

WICHEFBNRIIH T DERFEROEEL
3 5720, WRITA—FZAEZT 4 OFEREE
TR L UTe 3 RotO % mfi X cR e 4
5. TORER%E Fig. 41277, Fig. 4 (a) 28
“AMDC+KO &7 /v, (b) 73 “Craig & Cox &7
(c) 78 CFD Rt OfERTH 5. b
BF TSI VT T AN 03mm OEE DGR
ZRLTWD., ZNLDNG, BFET AT
AR E S BAMIVNS IR TIE, 1 &Rt
fiEHT & CFD fftt & D2 IENTh 5> — 77, B
BT AT M E S BEAMORE 72 585IkIC
BWTIE, | IRITENT & CFD fi#fT & O Z=FH38
BIRDZEDNND.

Fig. 5 (I3 axat A4k & BB L OB%RE
Y. P OHRA“AMDCHKO £5 V"%, %
3 “Craig & Cox ET V"%, 71w h2\ CFD
AR A9, Fig. 5 (a) ICIZEAN & OBMR (F
BT AR MN12, Fy 727 V77 Z03mm

/I/”,

Blade Efficiency, 77,71 [-]

Blade Efficiency, 77,,7_1 [-]

Blade Efficiency, 77,1 [-]

0.850
0.830 -
0.810 -
0.790 -
0.770 A
0.750 -
0.730 A
0.710 -
0.690 -
0.670

0.850
0.830
0.810
0.790
0.770
0.750
0.730
0.710
0.690
0.670

0.850
0.830
0.810
0.790
0.770
0.750
0.730
0.710
0.690
0.670

T2 TP SR DT JEBA S8 B JAXA-RM-12-008

m(0.830-0.850
®0.810-0.830
0.790-0.810
0.770-0.790
0.750-0.770
m0.730-0.750
0.710-0.730
m0.690-0.710
m0.670-0.690

Blade Loading Factor [-]

(a) AMDC+KO Loss Model

m(.830-0.850
®0.810-0.830
0.790-0.810
0.770-0.790
0.750-0.770
m0.730-0.750
0.710-0.730
m0.690-0.710
m(0.670-0.690

—1.2
1
0.8
0.6
< 04
1.3

2]
S
g
O
&
v‘?
Blade Loading Factor [-]

(b) Craig & Cox Loss Model

m(0.830-0.850
m0.810-0.830
0.790-0.810
0.770-0.790
0.750-0.770
m0.730-0.750
0.710-0.730
W0.690-0.710

__ —— | m0.670-0.690
1 12
J

1.0 ! 0.4
11
12 44

Blade Loading Factor [-]
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Table 5 Contour of Relative Mach Number at Blade Exit

Aspect Ratio
04
115 PS
Rel. Mach Number Rel. Mach Number Rel. Mach Number
o 0.6 o 0.6 o 0.6
72
[}
o]
= |
f PS. || S.S.
5] 94 S.S. |
E P.S. \
é D | N |
Rel. Mach Number Rel. Mach Number Rel. Mach Number
o 0.6 o 0.6 o 0.6
P.S. S.S.
R4 PS. S.S. \
\\
_J I )
Rel. Mach Number Rel. Mach Number Rel. Mach Number
o 0.6 o 0.6 o 0.6

* P.S. : Pressure Surface, S.S. : Suction Surface
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