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Study on the Lateral Sloshing Behavior under Microgravity Condition Targeted for a
Propellant Tank
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Abstract

Fluid behavior in microgravity (ug) is different from in ground gravity since surface tension and wetting are dominant in ug
conditions. In propellant tanks for artificial satellites and future on-orbit spacecraft, sloshing due to disturbance and settling
behavior from changes in acceleration have to be understood for the design of the propellant supply system and attitude
control system. In this paper, we observed sloshing behaviors in cylindrical containers in ug conditions created by a drop
tower facility. In order to investigate the effects of the contact line velocity on dynamic contact angle, we measured dynamic
contact angle using a capillary tube. CFD analysis introducing Cox’s equation in consideration of capillary experimental
results were also conducted and these results were compared with ug experimental results. Regarding the experimental
results, the diameter of the test tank, excitation acceleration, and kinematic viscosity were found to have a significant effect
on sloshing behavior in a g condition. Regarding the comparison between the CFD analysis results and the experimental
results, there was a slight difference in the wave shape and the time required for the liquid to reach the top of the test tank.
Conversely, there was a qualitative agreement between the fluctuation period and the approximate shape of the liquid

surface over time.
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CFD (Computational Fluid Dynamics) f##7 7> & FH]4
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0.05~8.00 mL/min ®f#% 0.05 mL/min %|#4 Ci%E LFE
BrEiTo7z. Fio, RBREEILEE OGRS E D ER
IR L7 O L E—Toh b Silicone oil (581155
KF96) & L %, @hkhM4R%E 1 mm?2/s, 50 mm?2/s & _FEkH
L.

¥, A OFHFEICOWT, Fig 1R, X
DO TRONERSDNRE 2R T8, 2 OW5 O Fiio iR
LI S TRE OARRE 12D, Z O & BMEBED A S
TR HHEMR L BEH O 7oA A Bl (I contact angle
LR AR UTn. Tk, W AT By 23E & R
DX, EREMEOMAHEZREN LR T 5720 Ths.
B, HEitAITREOREERKEZMO—HE L, MED 3D
DENPSAOHRRNERD D Z LIV EH L. EE
B AT DOEBED 1024x1024 THAHZ L, BIOHEE%

B LTl OFHE O D L S13£3 deg Th o7z,

22 mEERMNEHNRER

MRS T O% TH5E5R% K COSMOTORRE %
R LC, BFmoMSEEZbIcRHET 28 NETTFTo
Av oy vy TEBOBIEEIToT-.

Monitor

Syringe driver l =

Capillary

Highspeed
camera

LED light

(a) Overall view

Contact point
on the corner

Contact

o

(b) Capillary tube

Fig. 1 Experimental apparatus for measuring the
dynamic contact angle.
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Liquid
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Fig. 2 Lateral sloshing experimental apparatus.

Table 1 Experimental conditions.

Dia. Gravity
/ Drive Temp. level
No. | height | volt. Liquid °C (abs.
mm \Y% value)
G
60 KF-96L
1 / 40 -1 12 1
120 mm?/s
30 KF-96L
2 / 40 -1 21 <6x103
60 mm?/s
60 KF-96L
3 / 40 -1 12
120 mm?/s
60 KF-96L
4 / 80 -1 13
120 mm?/s
60 KF-96L
5 / 80 -50 13
120 mm?s

3. CFD fRHTH =

BAEN T 2 EE LM N ESD THERSRNEIR
iR EN 2, CFD fi#tric k v skw7-. & CFD fi##r <i,
PR BN fEAT = — K ANSYS FLUENT ZF/H L7-.

Top wall

Side wall

Initial state

Calculation mesh

Fig. 3 Calculation domain.
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Method) %3#p% S 7- CLSVOF i (Coupled Level Set
and Volume of Fluid Method) % F|f L7-. Level-Set ik
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BTEeW., 22 CHEOREEENL, KAz ik
L LT Level-Set #5, VOF iE%# L S 7= CLSVOF i£%
R L7z, AT Ciiingzaims L, UIFOEMELR
Azff-7e.
HifE D
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TEEhE R HI
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E+u-l7F=0 (3)
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F7o, RERNHEOFHEICIIRER)ZHFEH L LTE
#4725 CSF (Continuum Surface Force) 7 9% f#iJH L,
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7o, ARBFZECIE, BhAR A BRSO BYEE DR TFE
R % Cox o3 WE A= CFD &£ L, *
7o, FEBIZ L0 E S ENEE %, momentum @ Y
—ZIAIZ NS LT-. Table2 = CFD fifhr 4t md. £
DB, BEE, KEIE), BMAREIT 26 °CIZE
FOEERLLTND 12, BEICE L TIE, 25°C & MkiEL
LT 0°C TOEDOENN 3% LUINTHDLZ End 12,
Table 1 (27”9 FBRIBE X4 oM & LT 25 °C OfEZH]
WTHELZZRVWEDE L., REENZOVTI,
Table 2 |2 /-9 IR ERE %2 AV, FEBRIBE COMAEFHEL,
G272, 7B OWRERER I I TEZ LN THDHD
WEVMEE 52 7o, & DIZEEREUI L TR 3T 5
Z 7219,

763.1

- 25 4
5737~ 2559 +logv (4)

logv =
2T TIRE, vIZEE T ISR 2R E, v

25 °C TOEMMERI A R T. e, RPICFMOFHAIEE
ff i, BIAFHILIZbDTHS.

Table 2 Conditions of CFD analysis.

Liquid Gas
Fluid KF-96L-1 KF-96L- Air
mm?s 50 mm?/s
Kinematic
viscosity12 1.0 50.0 14.6
@25°C mm?/s
Density!?
@25°C  kg/m? 815.6 957.0 1.225
Surface tension!?
@25°C 16.9 20.8 N/A
mN/m
Temp. coeffcient
of surface tension -6.5x103 N/A
N/(mK)
Static
contact angle deg 14.6 25.9 N/A
Dynamic contact | coy(c=5) | Cox(c=6) | N/A
angle

4.  EERER

41 EREMAORIER

EHE N B B OBLERE R4 Fig. 4 1”3, EBR
FER LY, BWEDO FTEHL VKN Y I Lo THRA
ENHZET, RENDEFLTHDETRGND. £z,
DU UM OFRATERE K EWVIE L ARBEST 7 O il
REBEEENHLS 720, AN RE S RDIETHOND.
T T, REBRD B DI BERBELE O IA Bk O %
B U, L OB O ORIR & Bl T8
it SR B DR FIE 2 B8 2 CTH D Cox D
LD EIT o=, EBRICE T DA Mg XY
HIE L. Cox ® (Cox’s equation) 1ZLATF D &L 9 IT7R
Enb 8.

Hd = (93 + 9C'Ca)% (5)
€ =1n(L/S)

Z I T QIIEEEg, LIIfMERE S, SIERY v TR
ZENENFET. Cox (TSI EE DO T8 % fRATRIICR O,
Pl R C OIS N IRRREGT D, 2F VIR ORES
ERMBRERDZZEZRE L. T2 TRy 7RSS
EEAL, BEMENLAY v 7 EISOFMNOE ARG
AL, SB IO L 2N D EBIICFHET 51T
AR ORIEED I 7 a A a Yy 7 RE RN LE
THY, AP THWIZFHIEEROMERE TR TH - 72,
—J7, Brakke ® L 2 —3Z XiuE, SITRAEFIE - R

| | | ~—

[
0.000[sec]  0.005[sec]  0.010[sec] 0.015[sec]
Silicone oil: KF-96L-1 mm?/s, Flow rate : 8.0 mL/min

0.000[sec] 0.005[sec] 0.010[sec] 0.015[sec

Silicone oil: KF-96L-1 mm?/s, Flow rate : 2.0 mL/min
Fig. 4 Capillary tube experimental results.
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BEMFICLVIERICEBAENVEEZHFL, SEEL C %
adjustable parameter & LT 5 T EQN@HE E LTV 5.
F72, ¥ v 7 U —¥ Ci(Capillary number)iZLL FOXT
EFzIND.
Ca = e (6)
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15.6 deg 52 72356 DFERN, FHHITH LN UL 4
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o
< 20
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® Experimental result (KF-96L-1 mm?/s )
0
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o
< 60
40 = Cox (C=5)
<
20 ® Experimental result (KF-96L-50 mm?/s )
0

0 20 40 60 80 100 120
U mm/s
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Fig. 5 Relationship between the ascending speed U
and dynamic contact angle 6z about
experimental results and Cox’s equation
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FPARERMM/NE D ERICKB T 2 MEEREEIZ O
Tk~ %. Fig. 6@ T H 7B /L REEO NN ORRIZ
b9, MTHETHLGEEEY 0sec ELTWD. ET#
1.5 sec & TORBNA R L IE, A1 > v Tk
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(b) Acceleration on test section in the exitation by the
solenoid

Fig. 6 Time history of acceleration in the test
condition of No.5. Diameter of test section is
60 mm, drive voltage of solenoid is 80 V,
kinematic viscosity of liquid is 50 mm?2/s, and
in microgravity condition.
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o7z, 728, 2sec, 2.7sec ITHIZE S LUV AT EF-
THRETDBRALNDD, TIUTHERAT 72 BINE A 7k
MCHE T 5 2 Ltk Db D EEZBND. E7- Fig. 6(b)
W IRE O FRER A AR T 9~ 2 IR 7 1) 00 N 38 55 oD e ] 28
{bERT. ZORIIBWTYH, ETBHMEE 0 sec & LTV
L. KEY LA ROMEIZL Y, RERKICHIREN 722N
BEEDMER T 223, EIEIFME S A2 0.06 G & 72 o7z,
Figure 7 (2B No. 1 12B 1T 5 21 v 0 FEE)#E
Bk a2~ d. 728, No. 1 TIIMEEZ G224 07
#00sec ELTCWD. Zhikv, thEFEAIRET 1G)
TORT v 2 V3EETIE, MHRERIS, WNEBOHEINE

1.72[sec]

0.00[sec]  0.15[sec]  0.28[sec]

Fig. 7 Snapshot of liquid behavior in No. 1. Diameter
of test section is 60 mm, drive voltage of
solenoid is 60 V, kinematic viscosity of liquid
is 1 mm?/s, and in 1 G condition. The averaged
value of acceleration on the test section during
excitation was 0.014 G.

4y ey

(10)0.30[sec]

y ey

(©0.60lsec]

by g w— |

(d)O.[sec]

(e)1.03[sec

(H2.50[sec]

Fig. 8 Snapshot of liquid behavior in No. 2. Diameter
of test section is 30 mm, drive voltage of
solenoid is 40 V, kinematic viscosity of liquid
is 1 mm?/s, and in microgravity condition. The
averaged value of acceleration on the test
section during excitation was 0.12 G.

PEIZ & 0 IR DT M%7 Mo [E AREE - (AR RRE) 12> T
ERLTWEFBRRASNE. UL, TO%ITER LT
W DSERBRIREEIIZ R Y, AU, A (REE
DR EFT 2R R5N, £ 0.26 sec DFLWEAHT
a2 Bl s .

Figures 8~11 (2 EBR M No2~5 IcBIT 5 Au v v s
HEFEBRFE R 2T, 2B, MUNENRE TICEA LB
R & U, MIRBRAAR A RERR (D) & LT\ 5. 7083, TN
BB OZ A 2 v 73RO &80 H/NEHEANE
0.5sec IZFREL TWVDID, W THE T AT 58 L ONEH
DYV A ROHEIZLY, BEMEIILT LS RIFEITSE
2T, ERBICERDLLDOER-> TS, NENRET
TOAW Y v ZEETH, WIS Lz E TR VEY
THRET AT IEE SN, F2, i EEARET LR
BRIZ, MHEE®R, WERORAROMEMEC L 0 MR m#% 71
DOBEEBEIZIN > T ERA LTS BEFRA LN, TDH%
%, FEREE OB B Ukt 272 L, B o= 2@
Rong.

No.2 (B L T, 0.30 sec TOMARFEA 4 FEFRIZ L
25 DIX, Y% T OBRICHRIRE O 7= O BRBNE S 7 &
JNCREF D % 5272720 Th D EEZ TS, /Nl
NBREEZZADHH 0.83 sec H IR RBR IR O THRS (2 B2
TARETREBEE S, FRITEE, HEHE OB TR <
20, KHPAERBETICLVESHEINBRENE

(2)0.00[sec] (1)0.70[sec] (c)1.00[sec]

(d)1.50[sec] (e)2.10[sec] (H2.50[sec]

Fig. 9 Snapshot of liquid behavior in No. 3. Diameter
of test section is 60 mm, drive voltage of
solenoid is 40 V, kinematic viscosity of liquid
is 1 mm?/s, and in microgravity condition. The
averaged value of acceleration on the test
section during excitation was 0.03 G.
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WIZE BN EC AT RR LN, T D#%IE, No.3 E BV,
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(d)1.00[sec]

Fig. 10 Snapshot of liquid behavior in No.4.
Diameter of test section is 60 mm, drive
voltage of solenoid is 80 V, kinematic
viscosity of liquid is 1 mm?/s, and in
microgravity condition. The averaged
value of acceleration on the test section

during excitation was 0.10 G.

DEE SN, BUNENREZRAN G 0.70 sec £ IZHEH
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R IC D&, NHENEE R I OWRIK OBk HERE S B
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RS OBEENMET T2 2 L0800, 28, 41 T
AT XS 1B SR B E & BBl o BRI Eh kL
PRI L BB 720, S Y Fig. 12 (ZEREAMENR
Aa sy vy 7 RMEOREFIICE JIETHELRLT
WA Z 5.

5. CFD iR

W/NEJIEREE T TORMRRRIZI T2 2w v Jag
B FEEx - CFD s R, 7o & QNS AIE AREE EoRzfih s
EhFEREA S LA RIS O LRSI 2. 72ds, MUNE
HEETO CFD BHTFERCIE, RO H L L
TOWEFEZRL, Al OFEEEE L2 L5732 Hkik% i#
RLTWA. £77, EB - CFD fi#tr ToOEMIE K Eo
S OB ENIEEEZ ik L7277 7B LT, EBRTITm

—_—
Disturbance
e he——
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[ —— m _
(d)1.10[sec] (e)2.00[sec] (H2.50[secl

Fig. 11 Snapshot of liquid behavior in No.5.
Diameter of test section is 60 mm, drive
voltage of solenoid is 80 V, kinematic
viscosity of liquid is 50 mm?2/s, and in
microgravity condition. The averaged
value of acceleration on the test section

during excitation was 0.05 G.
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Fig. 12 Time history of contact point. In No.3,

diameter of test section is 60 mm, drive
voltage of solenoid is 40 V, and kinematic
viscosity of liquid is 1 mm?2/s. In No. 4,
diameter of test section is 60 mm, drive
voltage of solenoid is 80 V, and kinematic
viscosity of liquid is 1 mm?%s. In No. 5,
diameter of test section is 60 mm, drive
voltage of solenoid is 80 V, and kinematic
viscosity of liquid is 50 mm?2/s.

ALY 7k Imaged Z{#H L C 1/30 sec [E/E THIE 21T
\y, CFD f#HT T 1/500 sec R TORERAR LT,
Figure 18 (Z5EB 4 No. 3 IR D A1 v v v 7 %)
F6% - CFD it a2, Fig. 14 (A RIEAEE EooREfh
BohiEEt 27, 7o, MUNEIRE FICEA LB 2R
M) & L, IiRBaAR 2 IEf () & LCWw5b. Zivk b CFD
FEFTAE R CIE, EBRER & FERICINIRERS Th 58 0.70
sec LARRICPNERODHEARDSMEMEIC X 0 INHR T M1 75 1 0D [ 4
BEIZIR - T ER L TWEETFRR BN, b nicpikicE
HERRLNDEHDO0, £ 1.00 sec (ITICIINREIC L 0 A
EULDERTHELN. ZO%IE, WEE BITRIZLY
A UT-EARRIR L & Hichih, AUORKEERD Z
& TRRFEHE D IR A TRED L&A O 323 PRI T &
HEETOEE I, F£72, £ 2.10sec LAFETIE, —#D
IR L CRAHICERET 28 b Bl s L.
Figure 14 X Y A I[EABE F oS BENEICEE L C,
WUNE DBREEZEAD B 1.00 sec £ TIERIFA—EEZ R L
7o, L LR D LA, EERFER Clasiso LA»
—HfEIEL, 1.8 sec TALFAL, # 1.50 sec ffiTiz\
TTEMICEIE L= D%t L, CFD ik R cid E7A N —H
oI, FER 1.80 sec fHEMNSHIEN EF+5 2
& T, #92.00 sec FHUTIZFRBRIR TR BIET S Bk 23 ffead
SNt LR EERFER TR O flE O LA MEIET
BB, FEBER S CFD B ROR—BUTEER LT
WA, IO X AN, An vy ZBGRTO B REED

Blue : gas phase

Green line
: contact line on front side

Red : liquid phase

(H)2.50[sec]

(e)2.10[sec]

Fig. 13 Snapshot of liquid behavior in No. 3. (Left:

Experimental Right: Analysis) Diameter
of test section is 60 mm, drive voltage of
solenoid is 40 V, kinematic viscosity of
liquid is 1 mm?%/s, and in microgravity
condition.

REREDOARE L2 bDEEZLND. ZORE—
PRI, BUNEDEARNCE T 7L s BR S A IR
BASE SR L, BN TAr v U V3B AE L THE
RBER B H N AL —IRIRIENTER SN D Z LT LY
EUELOEEZLND. o X 5 ICIERIRE L O
MR 3517 2 A B RBE E ot BB &Iz L T —
RN O, RERRREIC 30T B B RRE R ikZ
Be b CICHUNE S A GIRERTE TR 72 —8)
HFoni=Z &b, Silicone oil EFEMEMRE 1mm*®/s DFE
BN 1235 T DS & L TEA LT Cox D

(C=6) IHEYTHhHHLEEZLND.

Figure 15 (CFEB S No. 5 (2RI 5 A1 v v 728,
FB% - CFD it %, Fig. 16 (Z/AMIE KRS oo Bfils
BEERt 2 R 7. ek, MUNEREETIZEA LB Z R
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Height of contact line on the left side solid
wall after sloshing behavior in No. 3.
Diameter of test section is 60 mm, drive
voltage of solenoid is 40 V, kinematic
viscosity of liquid is 1 mm?%/s, and in
microgravity condition.

Blue : gas phase

Green line
. contact line on front side

Red : liquid phase

(e)2.00[sec] (£)2.50[sec]

Fig. 15 Snapshot of liquid behavior in No. 5. (Left:

Experimental Right: Analysis) Diameter of
test section is 60 mm, drive voltage of
solenoid is 80 V, kinematic viscosity of liquid
is 50 mm?/s, and in microgravity condition.
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I
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Fig. 16 Height of contact line on the left side solid

wall after sloshing behavior in No. 5.
Diameter of test section is 60 mm, drive
voltage of solenoid is 80 V, kinematic
viscosity of liquid is 50 mm?2/s, and in
microgravity condition.

M) & U, IEBRAAREZ BE# (D) & LTV, 2k b CFD
fIRFTAE R ClE, FEBRAS R & RARICIME %K 0.40 sec LA
(NS OV AR DMEMELS X0 IR J5 80 4% 05 8 o [ (R BE (2 7
STERLTOEETHALN, IHRICE YA U
DR TEBIZBIET 2T BIEINZ. LoL,
AR L O BE S SR BR IR TEER IS B3 B RERT e, fv)s
EAHBRERAN S 2.50 sec (21T 2 ik O AR I I
TFOEBNR O, ARIFEERE EOBfl BB EICB L
T, WUNEIBREEZEAN B 0.40 sec F TILILEIN REF72
—HEBNE SN, TO%IE, CFD MHTHE B TIaaiicm
B2 EH9 2 0lzxt L, CFD VTR CIIRE % 5K
0.10 sec BIZ EF A2 EOERNPALN. IHEIZLS
BRI RS0 e TR 2 3 U 2 A2 A [ AR BE | o> ik a5 R )
BICHL T HERBR O, RGBSR 2 EE
BE E OB X OMUNE 728 A0 B INRE AT 0.4
sec £ TIERIFR—ENEONT-Z & 25, Silicone oil &)
HEPELREL 50 mm?/s DRI BRI 1231 T DB &
LTHEALZ Cox DR(C=H5) ITZ Y ThHhHEEZBND.

6. &%

7% T B B COSMOTORRE % i L 7= & M R/ s
BEHERBRICE Y, BAFRIEZZ 0 2 ERHENAD v &
VIR ABIEL, 3 kot CFD fifbris i & o ik % i
Lz, EBRICBW TS AICINET 5 ks LT, AR
i, ETAIAT, HREEEH LS — e TA L
— M RICREREL, BEATE T 0Py TERERLHT
FEERY, BEORE, RBRENE, REBREO MR %
ST 5 Y VA ROBBRBNEL, RIEOEFEERE N & v 7

il
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WOWAZENC I LTI a Bl L., £, BRI
125 O R AR il i 0> R Bl A B AL B i A 1 I E T A
FET D0, PV DR T E AN TEMENORIRS
T 2 2L S8 5 2 & TR OJIEEZITV, A%
BRCELNIRERE S &I, BhRUEM A (Bl B
DIEIFH 2 =B 2 EFEATH D Cox DREZRE L, CFD
fRMT DEE RSB AT 5 = & TERB A & 4G L 7z
DUTFiEohlcfRe2E 5.

o WIABEl A | Z R R B B ORI A R o D BE
17T % Cox DA & BMIE FBRAE RO ATV,
Silicone oil OERKEPELRE 1 mm?/s OE{IE C=6 I,
50 mm?/s DEEIT C=5 DFER LIFEL 10D Z Linsyino
7. 0=, Znbn COEE AV Cox DX E
CFD ftT DEESRSMITEAL, MUNENERE TICE
B ART Y v TR R LT

o EBAFESCEAL T, EBRIANE, IHRIEE, kb
BREDBNENRE T TORAT v v FEIICRE 7
WL BIITTZ R0, BHTRBRIAPEE, MR
MR R Z <, D OBREHERED NS WEE, IRiR
WREOBOENES L, KHOWRNAE L 5 Z &350
ST, ZOX D RIRE OKRE I BTN~ DT A&
IAAEFIEEIL, FHEH#EERICBN T YU ARE
BN DR E /T 2. £, UNERIEIC
BOTIE, M EEAREE L ET 5 &, FEEMNE
<, LBHIEREL 52X DR 5.

o CFD fEMTHER & EBAFE RO iicBI LT, MHRIC &
DA U TR R R SR BR IR THER I BE T 5 £ T
DORFFNCE T DR L DTS, FRENE R R
W AE D IR OIS TR S EMER 2 — A R b, F
7o, AR OB U 72 iR IR O BRS04 B R 745 05k
L BH &z, LEMIEAREE EogEib RSB I B
LC, IMERTE COREBEIEICBIFR—ER G b
2l h, BMEERL VG LNTZA CFD i#h ¢
WAL Cox ORUFZYTHDLEEZXDND. KR

& CFD i R OR —FHOER & LT, ERIZEW
TA Wy v 7 BERT O IR AR [ RBE 0 3 mfk
BN ARE)—METH D Z &, RERICEIT 2FHUIITFIET
I, WIS AT L AEEET, ERAE OB
ICRAENAE LI LB X BNRD. &51C CFD fif#r
RV, MHEFBOARONEE (1 #iFm) %
momentum @ Y —AHIZ AT LT=7=, 5113 3 Hih
DOMEEZEBEANTHZ & CHBRENRM T2 L5
T3,

I
AROBITIZHIZY, FRIZBOTIHAZ W20
TR SR ERER I D LV EEHOBEZRLET.
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