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Critical Speed Analysis of a 75 Ton Class Liquid Rocket
Engine Turbopump due to Load Characteristics

Seong Min ]eon’;r + Hyun D. Kwak* - Soon-Sam Hong* - Jinhan Kim*

ABSTRACT

Critical speed of high thrust liquid rocket engine turbopump is obtained through a
rotordynamic analysis and a unloaded turbopump test is peformed for validation of the
numerical model. The first critical speed predicted by the numerical analysis is correlated well
with the test result for the bearing unloaded rotor condition only considering mass unbalance
load. Using the previous rotordynamic model, critical speed variation is estimated as a function
of varied bearing stiffness due to pump and turbine radial loads with relative angle difference.
From the numerical analysis, it is found that the relative angle difference of pump and turbine
radial loads greatly affects the critical speed. However, additional axial load reduces the effect

derived from the relative angle difference of radial loads.
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Table 1. Mass, mass moment of inertia, allowable
mass unbalance

Inducer | Impeller | Turbine

Mass, kg 2.07 8.37 17.9

Transverse MOI 5 4 -
,15.46X107|3.04X10"|1.75X10

Lo=lyy, kg - mm
Polar MOI

I, kg - mm
Mass unbalance

,  [3.27X10%|5.36X10*|3.30X10

4.49 18.2 38.8

G25, g - mm

Zt B AA REY d®¥Mass), A FAHAEW
E(MOI : Mass Moment of Inertia), 3-8 Z&
2% & & (Allowable Mass Unbalance)S U-EFU
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Fig. 2 Unloaded bearing stiffness
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451X order amplitute at Rear Bearing
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Fig. 3 Vibration measurement in unloaded rotating test
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Fig. 4 Unloaded condition critical speed
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Fig. 8 Rear bearing stiffness with axial load

26 —



ﬂﬁwoﬂhar.ﬂWLﬁ,ﬁ? %ﬂ%uoar.mroﬂﬁﬂz%moam
— " o ™A LN 5 © B
M#o M..WoMx7_d‘_ - Wmowlmwo71urrmwrm_.ﬁ}au/] _
ETEHTETNT g THeLAgTRREER d o5
Rl gl h gem AR eI AR Ar =8
g he AN g By PO TN 7w N o Gl 8 = £ |
BT HE D o X ue SHEUT pu s o W W AN €Y 3 S
W oy A o X S M e T 4r s B & 3
THemeZlade oy A TR = =g I L]
R S L L O : |
. —_— - a 4
W Tl o P o TaRp 2vlwpid . ¥ P
Tosxlle2Pp bwg _ad e Llplys E : 3
w/ﬂ%mﬂov: T %WJ ﬂ]W#MEﬂomo La_.m.mM :ﬂ,_ B8 M-
o ) " o — E — = o T Y
.ooiTMﬂ‘mumldﬂhﬂu o) ﬁ.E,ul.aoH V.ao X 0 .aou_lmﬂﬁl N m*Av e \ e i pie i
) woX Ko R Neo o W X N gll
YT ET T R NgpZRuyghresglio F .58 x
RN L S EE IS SRS 54 RGN I W\
L BEEET 6w (T el TR Ee =
AN~ = -— - = !  Ira— N SR PR S
mo%ﬂwﬂom@im%gao.W%ﬂi%;i%mﬁf%@& ® g 8888 88 8 °
EFT 0 AN T RHEBTED P BTHT®E T N - € 8 8 8 R 2 2 °
TR FEENTTRBDR ORTKFTNHETE RN S (S QRenbey HLPL
ﬂo_mﬂo%aﬂ_%ﬂoﬂfﬁ_%wf%%%% ﬂmﬁ%ﬁﬁﬂ%wﬁ@réﬂr
< X A ) 0 T —_ ~ = o ol S
) T Mo oo ® B eclii) PR T g WP %o g5 o T 1
pERg FRwBol aps FPTIsTLXyTE 5
EF ot Porpee®lg® md g e w55
g BT e B B Ty oMy DT RN 583 ]
Mo Bl s 2 R ENL xool KT ot N o
I U N N A L @y o M
— o M V&mzumﬂ%w_ﬁdm uMoE o ok = % T WK w® o +I_ B 4
TR S T gem y TETEY TER e, P g
e S - %mommazau.ﬁ% — my o B T OO e T g 1
Z,mwn_.lm 1l hy T To o = N iy 2
S & Yo Ho o W oo W = X B o= — %O S
. © dnnq ﬁ4e_eo &mﬂﬂwl%aﬁwu w2 g
1y = T = TR E S MK ﬂylﬂ]m - o o F 1° my o B o0 3 |
SN E T g TR g T WL RN o i
o ol + A A R ~ ) o T To  fomimmm g k |||||||||||||||||||||
c,_/imﬂhwwwhwﬁu&om.Mﬁm wm_ﬂl:ﬁﬁlﬁwﬂiﬂ‘_w_lﬂl&bqw |
o X U R 0 ™ 7 o) ° SO -
w % ¥ TP E TR LT B gy L e
il T PA WX o B ™R T F T 0 onoar oy T T ot 2 %2 o% 0°
iRl Rl o do o o R N LT W T € &8 & & 8 &
NE BT ROT TN T AR e a1 oy e~ = | (w/N) ssauyis Buneeq enjosqy

10,000 15,000 20,000 25,000 30,000 35,000 40,000
Rotational speed (rpm)

5,000

0

Fig. 10 1st whirl frequency without axial load

135 180 225 270 315 360

90
Load relative angle difference (degree)

Fig. 9 Bearing stiffness as a function of load relative
angle difference at 11,000 rpm



317

g A& 2ol vluste] yERd Aolth 33
AfrAdEget 1X Fag A=k wapshs A
o] FHA FXE FEste IAEFE7E ©rh 1
2 AGEEE WHAEsE A A% 180004
16,300 rpme 24 Ao 4% F /M &2 @S

By, vpAete 2 b 2 g2 30,500 rpm
24 At 2= 4559 020 A JErdth 7+

22 12k JAEES el A 4= 180%
© A8gEZ T Woy AAS M FA 4
Z3te Al dxol7IE stk F, 14 JASE
= urAstE AU 4% 180%dA A wolg
Z8e A FAdE Eeta, o woly 7
qe] HA FAR st Mg e s B
F1 Aok ol 1A YAE=AA YEUE 3
A MEe] HY S 53 EE=(mode)o] 7]ol H
Hlo 717be ASHEZ T W] oA
A&E=7F Aoz JFs wr] ufio|)

Wojedol F7hs
58 Adtel
QA% Woly A F7kel s, HA nHA

gel 38 ¢ 5 Aok

45,000

With axial load

—e—45°

40,000 H

—a—0°

35,000

1st critical speed :
30,800 rpm

1st whirl frequency (cpm)
O

s =& 8 8 8

o o o o o

8 8 8 8 8

8 8 8 8 8

5,000 |- i« Design speed : 11,000 rpm
]
L 1

0 | | 1 1 !
0 5000 10,000 15,000 20,000 25,000 30,000 35,000 40,000
Rotational speed (rpm)

Fig. 11 1st whirl frequency with axial load

45,000

—s=— without axial load
40,000 —— with axial load
— 35,000 | Over 30,800 rpm
e
G |

30,000

1st critical speed

N N}
= o1
(=} o
o =}
i} S

15,000 -

i
|
i
i
i
i
i
i
i
|
)

—— Current design 49°
! L L L

10,000
0

1 L 1
45 90 135 180 225 270 315 360
Load relative angle difference (degree)

Fig. 12 1st crtical speed as a function of load
relative angle difference

12 YAIEEE WAt dd 4x 180%9
A 7 J2 42491 30,800 rpmS YERN I, A
o 2= 135=0]4 32,500 rpm, At 2= 90%=
s} 0ol A 33,600 rpm, 18] At 2% 45%
oA 744 & 4391 34,000 rpmS YERATE uE
Asts Ad 4= 180=0lA -3 g Ze

13 YASES dF8a QAW F51F0] 2
4 Ae wAsE A Az uE d%e B
o] FasA B ol FolA FaFel 277}
38 AN Ao 2w We WSS el
JR o Moy B4 A vAm Y7 o)
wolt}.

A 2ol 17 YASEES WAREY 9

B3-St WARED FehFol A de 4

& 180=AM FstFel = 4% 16,300 rpm<
et i, F3tsol e A 30,800 rpme
ik Satsol nE A9 wold A S
2 3t dAEEE Frista, wAsE A
Az o3 JAIEE W3k FFe paFs ¢
3

4.8 =

1FE 75EF EREFEZ FJHAY TR I



A AP ot dHezRy qFd AS
=9 APerRyH ARl dASEE FE M
wste] RAFAe sy mde] BIds 4
E3tith A B99 stevts a1 Wy
et stexdolA sjqeRRE dojAe 1
2 JAZES FAE AP Dol Az
ok 2 A A

371 FAATHEG mdS o] gste] uFd
75Ew BHEEZ fEeld 3 A A
g wgeR doxl ds@xel BNl kst
TOoERH, wFskE A Ao wE Hoy
473 WskE aeste dASE WskE st
Atk FAEM A Adzs@zer HYY whEs
T B dxs ASEd A 9T VA
e AR YEgal, F7E F3kso] Fa
He AF wAdstEe] dd Ak Wd 9Fe
dadhs Ao2 Yegt

mk
o

D2

1. Kim, J, Hong, S. S., Jeong, E. H., Choi, C.
H., Jeon, S. M., '"Development of a Tur-
bopump for a 30 Ton Class Engine," Pro-
ceedings of the 43rd AIAA/ASME/SAE/
ASEE Joint Propulsion Conference & Ex-
hibit, OH, 2007, AIAA 2007-
5516

2. Jeon, S. M., Kwak, H. D, Yoon, S. H,

Kim, J., "Rotordynamic Analysis of a Tur-

Cincinnati,

bopump with the Casing Structural Flex-
ibility," Journal of Propulsion and Power,
Vol. 24, No. 3, May-June, 2008, pp. 433-436
3. &4 AUR, AR, A “30EF o
AZANNE HRAZT AfAANG,” 33
XFe3 A, A13H 3%, 2009, pp.20-26

10.

ARdY, ¥y
A 2A AL
A, F=TgF
8, pp.688-694

Jeon, S. M., Kwak, H. D., Yoon, S. H,,
Kim, J., “Turbopump Rotordynamic Analy-
sis for a 75 ton Class Liquid Rocket En-

55}

gine," 60th International Astronautical Con-
gress 2009, Daejeon, Republic of Korea, Oc
-tober 2009, TAC-09-C2.1.1

Toh, AR, Ao, A T75EF o
AZANZE HEHZ zHA 9
d=F3eets A, A5
2011, pp.56-61

Childs, D. W., "The Space Shuttle Main En

-gine High-Pressure Fuel Turbopump Rotor

Aol

o = 2%,

-dynamic Instability Problem," Journal of

Engineering for Power, Vol. 100, 1978,
pp-48-57
Childs, D. W, Moyer, D. S, '"Vibration

Characteristics of the HPOTP (High Pressure
Oxygen Turbopump) of the SSME (Space
Shuttle Main Engine)," Journal of Engineering
for Gas Turbines and Power, Vol. 107, 1985,
pp-152-159

Brune, C., Lassoudiere, F.,
of the Vulcain LH»

parison between Test Results and Dynamic

"Rotordynamics

Turbopump Com-

Analysis Calculations," Proceedings of 3rd
International Conference on RotorDynamics,
1990, pp.353-360

ISO Standard 1940, 1998,

Vibration - Balance Quality Requirements

Mechanical

of Rigid Rotors, Part I : Determination of
Permissible Residual Unbalance, 1st Ed





