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ABSTRACT

Cryogenic propellant rockets utilize a natural circulation loop of cryogenic fluid to cool the engine
inlet temperature before launch. The geometric information about the circulation system, such as length
and diameter of the pipes and the heat input to the system, defines the mass flow rate of the natural
circulation loop. We performed experiments to verify the natural circulation mass flow rate and
compared the results with the analytical results. The comparison of the mass flow rate between
experiments and numerical simulations showed a 12% offset. We also included a prediction of the
natural circulation flow rate in the low-gravity section and in the acceleration section in the upper stage
of the launch vehicle. The oxygen tank should have 100 kPa(a) of pressure in the acceleration section
to maintain a high flow rate for the natural circulation loop. In the low-gravity section, there should

be an optimal tank pressure that leads to the maximum natural circulation flow rate.
= =

SAHE GAS AEHE WAL FAL FAY ADEBHZE ol Gakel WAAY AW YTE
Ak Adepi o] AFFFES BALLS THSE Awe Qo] R AR AxgoR Soje

7_]1—

= el ot 2AEY. A2 FA AdedI R & AT 2 AFRT S st
AdE AP e, ol 2F At 7é3+5’+ Hl sttt Bl A3t 12%2 X}ﬂ A &t o]
AFE Hgo 2 WA FaelA AFH 731 g Tk FRioM e Ades AFFEE A5 S
o ETHHe, AEFUAE LA 100 kra WS A Hel AAEBRY Sl o)2
flovl, AFYTRANNE FH/ MRS Avl0l BE A Yo zysol AdeBAT) Ay
2 #AT 5 YA

Key Words: Cryogenic(=5 %), Natural Circulation Loop(A+&23]2), Liquid Oxygen(A|4t4),
Accelration(7}45), Low-gravity(* 3 3)

Received 26 December 2018 / Revised 9 September 2019 / Accepted 10 September 2019 LM E

Copyright © The Korean Society of Propulsion Engineers

pISSN 1226-6027 / eISSN 2288-4548 HEELAA L AAABTE ALE WAl o
[o] ¥BE BFFUTAN N FASEASIIS 12 19-21, FHBEANE AAAGE ARSI A
1Bl ZATE Ha uiEEE S AXEe] 4 - Bek 219 o AAAEE AEAI] AA 4 (Liquid Oxygen)

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License(http://creativecommons.org
Jlicenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



44 WA -

SR VIE HEE ST

90 K

Bubble

formation |§

Flow I
direction

300 K

Fig. 1 Liquid oxygen bubble formation during
the stand-by period.
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Fig. 2 Natural circulation loop in a launch vehicle
utilizing cryogenic liquid oxygen.
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Fig. 3 Experimental setup for cryogenic natural circulation

loop.
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Fig. 4 Isometric drawing of the cryogenic natural circulation loop experimental setup and the photo

of the experimental setup.
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effect 7} WAIFTE 5 Wl uvﬂoﬂ MEZ

ATt BAG G2 Agshe ko] glow, ol

A @y mEd exsl 7 14 % 2
]_

wRo] AFHZ A Y
A &

of

o] &7t o g Asdts AL #FY 5 AU
FHFA AN AZ=xe ol floA AFF &
ZA Y kol 0 L/sS YE

kst Thol A &
FEHE ASTH. olF AAdedo] ANFHE
AW O] FZHEHE ° FrFw
< BEE 5 Uk AR
o] #%E YEE %
AFo 7 s oF 07
Fig. 6 A7 eielAe] x
G/ FF 5SS BES S QAE}. AA=s] 2
7b dAEA frEe] #wEe] =Y kg 2%

100 |
. )

. 8000 6050 6100 6150 6200 6250

w

2104

@ w

®

z 09 —— FM1001 (Us))

ey

é 00 T T T T T 1

= 6000 6050 5100 6150 6200 6250

Time (s)

Fig. 6 Steady state behavior of temperature, pressure,
and flow rate of the cryogenic natural
circulation loop.

T\ T

o g
g
® osf 2
@ @
o / ! \ 9
5 o3 / / Horizontal . q140 &
= J acliabatic
oz | Vertical ical
92 J Vertical, w ..,
downwar Upward o
sl Horizontal .
| , | heating, | . | | 100
Tank Engine Engine Circulation Circulation  Tank
Bottom Inlet outlet | line
lower part upper part
Location

Fig. 7 Experimental results of pressure and temperature
of natural circulation loop for different locations.

eEE Ha YR fAo Lxsh Wxd o1
otk kA 57 shgstel gHge FHY
HalAl Ho} oF 190 kPa®) ZH& UERA B,
2= 9 dsste 91.7 Ko @& YEeRdT

mlo o

Z ZAd+3S 53l AR YdFeEE 917 K
o2 9F 5 Atk Adee] HA gon



50 WaH - FFY - xIF SR B R
1.0 T T T T 2.0 T T T T T . T T T T
| ]
n
0.8 { EE E 151 i
\ l - ®  Experiments
= [ L LR u E')Er')\;lerlment = HEM
@ L] 3 +20%
=06 [ +30% ] z [n 0%
2 o) ‘é 1.0 -
© \ - -30% S
— \ 2
= A\ B e
32 0.4
L 05 B
n | |
0.2 b h
L]
-
—— 0.0 L L
- 00 02 04 06 08 10 12 14 16 18 20

0.0 : :
100 120 140 160 180 200
Pressure (kPa)
Fig. 8 Comparison of natural circulation flow rate

between experiment and simulation results
when increasing the tank pressure.

rlo
b

Tz e TT1002

2FAE A

)7} 100 Kl A 150
Hwg 4 ok Azl
91.7 K-O/] 9&21]/1\_]_—_/1\_% 7}%%2_]‘_2_ 53’»]-“5‘]—
190 kPaol o] Z3L=ol oF 965 K
dssHA drh 7}%:,17}_0_ A%?Z_PQE

>~
>
o
i

-
2

b
r1r

)
2
%0
2.
S 10 -
o
Lo
lﬂ
@ °
i?l

S
we % H” flo

x O

e rlr

o & & mw¢ ot (o B & A ¢

©
o

N>
&t
o

14

ofy

-

o

2

x

o

ir)
e

o

T

)

r

¥ ol

P 1%

o ol> o

rr

woll Aikd A Sgkol
T Atk ATzl A 9
AAE fAZE HYom, 4
Aol W LE EH
3 4 AT
Fig. 49 7]818t5 HHZ o] gale], =
Fe A%3 AT 079 kg/sol &S
T AT Fig. 6°lA ASHE AAE3
ok 07 kg/so1 B2, oF 12% 2A7h e
Bl

tlo [:)}14' Ay
Bl

>

%

° 5@ g
QL

—~
2 o
1 ox O
5 i
41

>
LR
B o

LU= S =)

o3
e
i)
[

ol

rﬁ
P < M r&

o ol & dy
oo gk ik

oo

Heat input (kW)

Fig. 9 Comparison of natural circulation flow rate
between experiment and simulation results
when heat input is varied.

Aol wa A3, ¥
FAY & Atk
FAPFAE AA AW FHREFO
BASIGY) el nHE YL
Ghol WY Mo AAETHF

s, FHaEe APsHA ol
o WahE Slstel Amsr)E AT

A27E oF 30% AE o=

= o XN
o gy

1:9%_5@1:9@,

i ol
0

1 o ¢

Fig. 95 Ad<c3I 229 dFdd <& FF
o] #AE dvEhd TaEjzeltt. dfel Fvhe
d ERHFE e AT £ Uk o] 1
oA AFAHT o] &F2Ad 4 gt 2y
I AE Axete] Hw A 20%°] Hx}7}
A AT & AR

o AN FAL fA AL A

o dZ Ao MaE Faje], mAe| 4

gelstgith o8 Fabel BHFUAA 3Tl A
k3|



N23A H5S 2019, 10.

0.7 —a— P=100 kPa
' i —e— P=200 kPal ' i
—a— P=300 kPa
0.6 —v— P=400 kPa
—&— P=500 kPa
0.5 —
» |
=]
204 E
2 L
<
= 03 E
<] .
[ < *
0.2 E
0.1 -
0.0 " 1 " 1 " 1 " 1 "
0 1 2 3 4 5

Gravitational acceleration (n*9.81 m/s?)

Fig. 10 Natural circulation flow rate change with the
gravitational acceleration from 001 g to 5 g
and the tank pressure 100~500 kPa.

e oF 0.3 kg/so] =¥ UERATH

Fig. 10914 FH7F55E7F 1g olH, 4
3 =o] 100 kPa g &3FF ASAHRI
03 kg/s & AT &+ UTh

P AbA 3 193} 2o &0 F
2 o 7hA AW He ot HA 4] Wi, 19
I 2ol go] HE oF 275%9 k& it
A BYE A AAS A £Fow FTF
Fojof g},

THMEET SUMEE &8
£ 9= AHE Fig. 10914 <l
¥Eo] 100 kPaZ A= 4,

7} g Aol oF 2ule &8H
dZH Ut A% BIa gHo] ZEFE &
FFEFol Zaste AAE 1T 5 Ak 8
F%Ho] 400 kPaZ FAE ANolE ¢85
100 kPa o wiETh @2 oF 025 kg/s&E FA =
H, TH7IEETE STt R E@fEe] |
7 #dE & il

ol 7Tl Ao AA gl ATE
ARYZHS A E AbskAl ®Ba fEe 1
kPaol 7HgA FAskE Aol &&FEFe F7H
71710l frElstthal Ak

WALA] el AFE F3bel A& wWE 7HE

ﬂ-l-?{-! ;io
b
50
o
)

o O{N
oN e i
o
o b
i
QQ
A
S

0.30

0.25 -
» 020F
(2]
=3
[0)
§ 0.15 |-
3 —=—P=100 kPa
L 010} —e— P=200 kPa -
—a— P=300 kPa
—v— P=400 kPa
0.05 - —e— P=500 kPa 7
0.00 " 1 " 1 " 1 " 1 "
0.0 0.2 0.4 0.6 0.8 1.0
Gravitational acceleration (n*9.81 m/s?)
Fig. 11 Natural circulation flow rate change with the

gravitational acceleration variation from 0.01 g
to 1 g and the tank pressure from 100 to 500

kPa.
sto], AFE FoA e =3FEFS ASHEY
o ole FF Ak adol AWML THed

Aol A e FEe
Fig. 112 %9
=

o]
7 06g 77 4an

P

fr 1o by b o

o,
1t

4 o 2
>

o
!
Hu

FRHBAAE FAS AAar} BEA
Agol Btk A% A BE WA B A3 F o



52 HISE - YN

=I|F SHEFESEEX|

Aol 4TF FFL A5t Az}

AR FAEG. AQEBIHRE G UE

Aol g #7 1tk fAle] AEAol

S e st A4

Atk AAEHI ) GERHT AP=0 A A

@ﬂﬁlﬂLﬁg%%wléﬁhﬂ:l%-ﬂmﬂl
=

gom, AAE e B4 AAT vlmeY
. FAe AdepHze 4L Adepsz
A48l Aesbssnon, JRdaERde

OIE Eﬂ%i 2FALA] mﬂroﬂxu 24

i S
dFstlon, 7k 73 8 AT oA <
GFS FAFPT. ANETRNHAE BT gHS
100 kPa R 2 FAAE Aol AXYZ&
A% EoFF Skl Fstden, A5 T
BollMe FEHNMERY Aol wet B oY
< VA 8 fEFe Ad=E AL F A=
< ZAs AT

= 7

ATFE FHFTAANTARY AL T
oF A ALY TH

References

1. Jung, Y.S.,, Lim, SH. Cho, GS, and Oh,
S.H., “Overview of the Propulsion System
for KSLV-I,” The Korean Society for
Aero-nautical & Space Sciences Conference,
Jeju, Korea, pp. 269-275, 2012.

2. Kim, J.C,, Ha, KS., Park, R]J., Kim, S.B.,
and Hong, SW. “Loop Anlaysis of a

Natural Circulation Two-phase Flow under
an External Reacter Vessel Cooling,”
International ~Communications in Heat and
Mass Transfer, Vol. 35, Issue 8, pp. 1001-
1006, 2008.

. Ha, K, Cheung, F.B., Song, J., Park, RJ.,

and Kim, S.B., “Prediction of
Boiling-Induced Natural-Circulation Flow in
Engineered Cooling Channels,” Nuclear
Technology, Vol. 181, Issue 1, p. 196-207,

2013.

. Ha, KS,, Cheung, F.B,, Park, R]J. and Kim,

S.B., “Evalulations of Two-phase Natural
Circulation Flow Induced in the Reactor
Vessel  Annular Gap under ERVC
Conditions,” Nuclear Engineering and Design,
Vol. 253, pp. 114-124, 2012.

. Trucks, H.JF. and Randolph, W.O,

“Analytical and Experimental Investigation
of Thermal and Helium Lift-Pumping
Recirculation Systems,” Advances in
Cryogenic Engineering, Vol. 10, pp. 341-352,
1965.

. Kwon, OS5, Cho, NK, Jeong, Y.G., and

Cho, IH., “Performance Analysis and
Design Factor of Recirculation Pipe for
LOX Conditioning,” Aerospace Engineering and
Technology, Vol. 4, No. 1, pp. 196-202, 2005.

. Gartia, M.R., Vijayan, P.K.,, and Pilkhwal,

DS., “A Generalized Flow Correlation for
Two-phase Natural Circulation Loops,”
Nuclear Engineering and Design, Vol. 236,
Issue 17, pp. 1800-1809, 2006.

. Rao, N.M., Sekhar, C.C., Maiti, B., and

Das, PK., “Steady-state Performance of a
Two-phase Natural Circulation Loop,”
International ~Communications in Heat and
Mass  Transfer, Vol. 33, Issue 8, pp.
1042-1052, 2006.





