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ABSTRACT

Space exploration spacecraft carry large amounts of liquid fuel, often more than half. In
such cases, the liquid fuel sloshing must be considered in the design of the spacecraft since
the sloshing can affects the stability of the spacecraft. In this paper, we present the results
of analyzing the sloshing of fuel and the dynamic behavior of the spacecraft. For the
purpose, a model in which the maneuvering of the spacecraft causes the sloshing and a
model in which the reaction force and moment due to the sloshing are transmitted to the
spacecraft are developed. The dynamical behavior of the spacecraft are analyzed using a
simulation program coded by Modelica.

= =

ml“o
N
N
o 2

O
i
mﬁ
ACH
AU
re
2
bt

X,

%
ot
>
i

Ol%o}oﬁl &

Key Words : Spacecraft Dynamics
Pendulum Model(7%

091.,’_?)

F4%498, Liquid Sloshing(# A £2+4), Spherical
712} =d), Modelica Program(E2 27} ZZ 1)

1. H B

Fll‘

A, A, 24, ‘% 7 Aol s A 9
%E}ﬂé(slohsing) Fabo] YR }=d, Alstd &
we ko AAE Wl AY Asz Abgst  FA(vehicle)o] A FFE Fm, A A

+ Received : July 24, 2017 Revised : September 25, 2017 Accepted : October 27, 2017
* Corresponding author, E-mail : donworry@scnu.ac.kr



1060 IAE - A4 At AL 2 T
A= Boh A g A g w2 A &, o]Ao] B =&Y 7ol sfF3et
T7F olFolFon, dFE o7 AT FH o T (spherical &< rotary) XA EF-E ]

AFE, A A HFE T
A7 W2, AkRAYsE 7 E
AEA B350l FE ol&th

A A PSR FAo] g siE olE
Aedl &Aoo =
FrARGHEI[1], R AHpendulum) E@I} HwF-2~az
¥ Edz go] uFEY. A8 ®a Ui
diaphragmol g s]42 =4, CFD 3|4, 49
T AEE e8] AFH HIHY =
olrF 9] stvte olE EHd i IehvlH
€ AYHo= Fst= Aolr9]

A WHe ATEr] WEed, ¢F EA
AAe T 9% 4 52 <541
o]7] AAel ®o] o]&Htt. Shageer[10]
2 AQEsta gAA AAe AA
24 214 (non minimum phase)®] &
e A 23T Yuel[llls €243
E£F(ET N)FHe FsAgol dsto
AFE=H, chaotic o] YelUs A&
Theureau[12]= ©AM T &2t &34 A
&S B4T ), Y T8 2d S A
Iz FAstn, €25d AF}E= CFDE ol &3}
co-simulation 7]'H& A}-8-3} 3T}

EA A Cassinic 9571 A A=Y
56% 5 AASAEH (EAIEA), NEGAFH <
g BAFE EAEHoH[13], ¥ =F B
< v Eg Ho|EE EA4stY Setd R
g ATARE ZE&EATHI4] HFE #S535
£ Solar Dynamics Observatory ¢3¢ d=5H
3E AAT o, EAe JAYHAA A BAT 5
e €249 ZHE FA48IATHL5]

AAdoly JARd el tig skl &3
£ F017] AE g WAoE FFHA H
Aols A8 Bax rH16-18].

19573l ANRE IRBM AL A2, &2
B3 wfZo A F 90x Thol| FEEHATL
TH19]. AA ZAQK Y SFTAA T A A
o] o] Aatr] Ww, €dtd ARE Fa3
A 3 3TH20-22].

AR utel o), sty A4 tiE o=
Ax ®BAY HA, FFAY As L AAA
Aol dasith B =FoAe A A8
o &gt @RS AR Rddste 4 HA
HE HiR e =, g A 9
Zg B35 B4 o5y d7ESE AN

fo o

N > o
R A = S Y 24

ox Ho
=~

Jo o ot 1lr 2
N

e 2
.—@_“

A

o
- fol
oo 1%

12 of
o o

B rd ol

i)

SRS
2

~
fo rJ

\

2

gatel, dze FAASS =uIstar
g 84) e A4
ahsict.

o HoF, Ao Fo wEt AR 7t
A= ¥ES et A #d Rk s
g7 vt2Es npREas 188

o (AR WrEe A AAo] P
< HAE QPo] Hrh o] WEE AR
o] Foll HE s, Amet A8 HE
A4 G345 EM3te AEYoH 22
<= JWEEtTh o] 29 o] &dte, o
F 2H(AEE, Av7lE )l WF ZFAL
Aol AsE BAAT

Fig. 1. Analytical sloshing models

Thrust l SRt
Moment
> Spacecraft Acceleration,
Angular
velocity
Slgf?\l/lr;gml:ec;:tce fuel tank
gravity

Fig. 2. Spacecraft interacting with sloshing



45 4% M 12 %%, 2017, 12 WA A5 et H HaA&ae 7 FANY - 1061
_ e, h < fuel fill level
= [, - length to mass center
]_C’ R : tank radius
P 59 m gy = pXTR*/3
¢ m,= px7wh*(3R—h)/3
B A, = 2wRh
F egb y Fig. 4. Spherical liquid fuel tank geometry
0 ]
x N
T

g3t setEE AAsAT. 183 Fig 2
o FHoR $F WAMI A Ams} A4
2o g metattth

22 78 =EA A4

T3 ARRIAY e, FEHeE 73
ZFzxA7F AYSIth Fig 3 FIEHTA, @9
B g wpol thgk A oot

1,5,k e.ene, = A2, 71 FHFEAS TH
HEA Y Do E oIt T HE LY WEHS T
+ 217 ZAts — sin, ¢ — coss YHEh.

€, lsqﬁcO spsl ¢ Hi

€y|=|cochd cps —sp||j )
e, —s0 b 0 k
AH(p)el A, $E, A&EE e Lok
r=re, 2
v=re, + rée, + rés¢eo 3)

w, = 963 +pe, = 9c¢er - €s¢>e¢] + de, 4)
AAe] Aol dAsittal 7HdE o, (r=1,
r=0), 7t&EE o3 2o

a,=a,.e. ta,.e,ta,ge )

a,, = —1¢" 16’5 (6)

. . 5
.= l9g—10 spce
a,o= 105¢+21¢0ch

fuel
% a =» lumped
= mass
& x
3/C

Center of mass of S/C

Fig. 5. Equivalent model for analysis

1.0 y

0.8 \ _ ral
\\ ) -
0.6 ml/mf\; —
~"~._| YR
0.4 = <
02 - Ty /My
///
0'OO.O 0.2 0.4 0.6 0.8 1.0
Mass ratio, mg/mpy,
Fig. 6. Pendulum model parameters

1.2

1
0.8 [ N~ ~==_
0.6 P, /B
0.4 I./R : TS
0.2

0

0 0.2 0.4 0.6 0.8 1
mf/mfull

3
£ rpd D@ AL 7H dmnuo|t
4 H3). m, e A BEG, m s @A)
£ dEsie] 4% @golt. dols}
A% WA mAe Aol 1 AT o
Apol7) % AR, AABE Bl AHgEhT AT
N ARE Fig 5AMAY BY AFA A
2 gk, sehlEm, )8 Fook Bk
2 QA4 stebeE (57 A%, Do)t Fig.
478 a4 et 1A Dodgell]e) &4



1062 AR -

0.4 ;
03 My /My
0.2 ;
0.1
0
0 02 04 06 038 1

Mass ratio, mg/mpy,

Fig. 8. Sloshing mass

fuel

High gravity low gravity

Fig. 9. Free surface under low gravity

A7 (Fig. 6) Z&Ith dAs7t 75 AYEF
2 57 A¥m)T S7F Bol()e EFAE1,
oo & <gtg VHIF)=E o=t

Figure 72 729 Zolo} #AHA, Dodge«]
A1)} Fig. 491 A3(1)E Bl 29,
87} B&FE Aoyt A

AAE FEstr] fste] A S .
A5l dA HAA AHH (= m//m/u”)% T3F
1, Tho] ZAR (A FAAM VT E8)S
&3t}

l..

ity
U

[‘

7
8

my/m, == 0.66z"+0.74z" —0.93x +0.94
I/R=—0.732° +0.92° — 0.88z +0.94

Az @A AFH (m/m,)el I
A (m,/m,,)E Fig. 8% 2tk A
my2l 60% BEL W, ety Aol
=, olwf m,/mg, =03 ot

Aee A&ste THdd ot B3 YolA &
Asle ol Bol thEd], e Fig 99 #th
A7 A= BAW 7tz 3 Aol ©ed 9
oxtel A7) & Bt #HF FHOE 714
@t A5 H(low gravity) BANAH 1L S0yt
I HFE WA ot 23].

24 M ofEy

AA Az HA wiF W&o, &2t

Z3 gttt Dodgesl HEaA[l]dle A4

)
®)

ol

ooy
-

2}
Aoy

7
7

-

A% o]

23w

0.5 1 6.5 2
Liquid depth ratio, h/R

Fig. 10. Damping ratio

Fig. 11. Viscous force and moment
(Ol uigt AHAAE AAstL v, 73 =B
A g A A (9 =2 Fig. 1074 2t}

¢=079(R/h)VRe  (01=h/R=1)

_ [1+046(2—h/R)]
(=0T na] VFe

A7 Re=p/pVgR* 01T, p= A2 HA
(viscosity), g=9.81¢]th. 87} AW of, ]
7F 71 A Fae w2 AFE, A (m,) &7t
upzbel] 93t U x| ARG o =7 w&Eo|t1].

Ustumi[23] & ;H*W?l HHoz wi FY
ZZAd dg wAAFE TPy Adge 535
o nFHE Fike= 5 4 o] HQ3IA T, HAFY
< FE377F oAF7] Wi, s A AA
+& HolHE E4sA dolHE Frsloof 3}
cd, s F49 iR Fxo A5 "I
3k o] H4x &t} 18y npEA s 2]
u &2oll, A X dF= Fo)

AT HA Az Ad Fd s HA
o EF7F @A ﬁEE A9 A=
3 A AAEE BAE 7k dA ot &
Ao AETE AR FHEA (e Neweg),] X

2 EIFEE, g0 tHfL ZHeET o] EA)
ot 27 wEd,
A4 v Ban & Hﬁm

2 9)elM & TEd, O S AA B
A AT & ‘TLSJ’E}

O
(h/R>1)

F

rﬂ

=

No_u

l‘

o pob Ion

&F

UN
o ou
l‘li‘
[rtl
)
[
o

F,= cﬂ)/l = c¢v/12 =cAv (10)



45 & 12 9%, 2017. 12. HA A

1063

714 Fe whEE, 4= ¥4, ox WA A
£, ¢, AT ¢, =20m*Vg/l 2F
FH, = O3 2o

c=2§m1\/g/l/A
AT I fiAlol7] Wl HE wol
A v e v a8 Fig 112
A4 ra’e] YT (disk)o]l BRI LFI}E AF 3

(11)

h=}
R

A 2Eg do AR, & ol8st] A7 2

S34= opRew o2 B3()E 7T & Aok
— o —

F,=crav=cAu (12)

dM, =rx c(2mrdr) X rw (13)

M, = fd]b[llz cratw/2=cwA?/(2r)  (14)

y=1.6561x+0.1719

==
>
——

16
h/R 12
08

==
=
==
=

04

0.4 06

X 0.8 1
me/meyy

12

Fig. 12. Liquid depth ratio vs. mass ratio

m
h by Eq.(15)

A,=27Rh
my by Eq.(7)

Fig. 13. Damping coefficient calculation

2

15 /
; €. J

0.5

0

0 0.5 1 15

Liquid depth ratio, h/R

Fig. 14. Damping coefficient vs. depth ratio

S/C
Fuel Tank

Fig. 15. Dynamics of spherical pendulum

A WA (A)S FElok Bt
Abggth A7k diste] A
A hE Folok &L, h
= 32k WA (Fig. 4)& Fojok AT, 7]
A& Fig. 1249 A8 ZAAS AHEST o)
7F A g3 A4kl frElsty] w&olth

248 FAN N5)e e 2o
h/R=1.6561(m ;/m ;) +0.1719 (15)
Qme Aol FolAW, & P FHL
Fig. 1322 A3ttt
Hydrazined t§ c& Fig. 149} 2T} FHZ0]
o @A Fkshe e me $ud ga
2l Ao ATHATk(Fig. 8 ). A A
27 #3958 AEE o Wy FoEt)
. EAtd e 4528 ZH
3.1 MXtel 25 HIFHY
AR R A AA dg5e) SIHEE m ol
=)ol zHgste I EREE Fig. 159 2t
GAol NMEE o, 4EE 02 EEB0H,
Aol A FAA(N HEEE G Bk
a;=a,+tw, x<r,+w, < (w,<r,) (16)
W, = w, e, tw e, tw e (17)
= w181 T W, 98y T se3
F& A rodell o3 J(EA= A= &2 vt
ol dmel skste W), FE 48 B39 o
FAtolell Agst= A vhEE, M= H43 vt
Z Edoln.
F=Fe, (18)
Fﬂ ==F, 9= F, & (19)
M,=—Me, (20)
F=m,[1(§" +0°s%) +(g, —ay,) 1)
F,tL,G‘ﬁ = CAhl(brel (22)
EL-,() = CA’llS¢0Tﬁl (23)
cw,
M, = EA,L , A, =2nRh (24)
4 (12),(14)% ©1 &8k, F,,, F, ME 7%
oo¢, 0= BAFRIA NN BSI A, "HA
Aol A BEF A A4EEE T8 2o



1064 AR -

:F}+F1L+mlg

nE Ede
A et o]
o A& st
3.2 EAMM 25 22

ARGl ke B 2Y(FY), W
£ ¥ E3), A5 23 JtEo|th(Fig. 16).

o] 33} EFo 93t gAbd
4¢ Feahd gt 2ok

AR g, 0 £FE FTL
WE gge] 23 gEe ¥

m, =F,+F,+m.g (27)
h, =1} Fpt+ My +r, < Fy (28)
Fy=—F—F,=Fe, +F e, +F, e, (29
My=—M,+r,XFp (30)
h,=h,+h, (31)

A7IA b= BAAAY AEH, h,E WS
4 T AeFFEs ndn. Y TEE(g) e
FE AT 2o Ao o3 Aeln. ¢ WA
2o g3t AARsE HEHUAS o] &3
UERATH(FE ).

3.3 =3t Hofl Cfst A&

W2, Fr1dez 7eiAdE, f1xek AAl
HES 7P 4 G2)AH 7&Xﬂ°ﬂ 23} g ol
VAl AE e

a= Msin(wt+§) = Asinwt + Beoswt  (32)

A= Mcosp, B= Msing
of ZA ) A7 a)e T o] THAT,

a(t) — A B A Ginwt— - cosut (33)
w oW o

g7l 9A, WF, dalo] nE EghE o

A=, cosB=0°lH M7} oSxE EAgE
.

oy () = %t = M;i‘;sﬂt (34)

HAtA ol Jhs| A e £t JFE vl st

o] & wet AMA| o7 ofH e 3

of @A AAsfoF .

16. Reaction by fuel sloshing

Fig.

Moon

| Inertial frame ‘ ‘Trajectory frame | ‘ Body frame

XR \ trajector
\ I Y XB

YE

XE

YB

Fig. 17. (Upper) Lunar exploration scenario
(Lower) Frame definition

IV. Al 22o]M

41 Z23Y 34M
AEYold tde 2 BARd I, & 'AL &
d AU LS o] 83tHTH24]. Fig. 17 AlEH
Aol ok (EAE B ZHolH, Table 19
A o] Al Qe heFe] st
A EH oA ZZ2 7L Modelica o] & o] &
3} XH*'B‘}OiEHZS,%]. Fig. 18& A#®H, A
ToF 2o ¥, FHy], viFg d, 95 "®§a
ol x3E] 9t A8 HAdE F=F 74
o] xZ3two] FARN FuAgated, €4
RIGE E@EM Aol HMgHT FEe
?‘&D} o] el diste
Hi Aoz, HHY AA

ol

31

AL Aol 2o T o) Wi
HLF] Afdst), 4 120N% 15x ¢ o



045 4 Y 12 BE, 2017, 12. AA A5 segFd F3FAEets 7 BAAY - 1065
thrustProfilel Kickotor Table 1. Summarized specification
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