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Thermodynamic Cycle Analysis of a Two—stage Reverse Brayton
Refrigeration System for Subcooling Liquid Hydrogen and Oxygen as
Densified Propellants

J. H. Baik, Ho-Myung Changf * W. Notardonato™

ABSTRACT: By increasing the density of liquid oxygen and liquid hydrogen propellants
of a space launch vehicle, one can reduce the gross lift-off weight (GLOW) of the vehicle
by up to 20%. A two-stage reverse Brayton helium refrigeration system is proposed to
provide the specific cooling requirements at the two propellant densification temperatures so
that both densified propellants can be supplied simultaneously on a scheduled launch
countdown. Thermodynamic cycle analysis using real gas properties was performed to
demonstrate the suitability of two-stage refrigeration system as the two cryogenic
propellants densifier. The analysis results show that the two-stage reverse Brayton helium
refrigeration system can provide the required performances with compatible efficiency and
practical advantages.

Key words: Cryogenic propellants(=#-2 F3 &), Densification(32® %=3}), Cycle analysis

(Abol & & A])
1. A gk FSECH Fa&d Y% d771E5-(Hydrogen
R&D Division)| A= a9 Az, &3, ZW
Florida Solar Energy Center(FSEC)E 2002\d 9 S8V dEE AREQ FAAAHA F
B NASA Glenn Research Center”} A3}t ATES AE JA FdI} U 2 C"ijr'%
2= NASA Hydrogen Research at Florida J % NASA Kennedy Space Center$t &-& <1
Universities Program® 9z &4, tjdrzto T Ao 2H, §-FYHEMY FAdX ARZ A}
AFEE, FTEAT, dady To] HA Zea B = FAE AR RA gaet QA 4t
WS 29311, NASA Glenn Research Center AF H5AE o3tE HY3le] 8~10% LHULES
NASA Kennedy Space Center % Z=2g|t} F oM, FAZ du ®BHAY JFio FA H
Hstes As dAste] ATAaye] Hal ﬁ7} ZIe} ARE #H A E TAAA EAAY] WA
9o Tubel JpMEe] B2 Z=gldla 9t} FAE Hu 20% T2 olo A-&3F+ payload
|58 T7/MAIE AS AT BHo=E &3 9

¥ Corresponding author

. olE Edo] FIHOEZE  single-stage
—-to-orbit (SSTO) = reusable launch

Tel.: +82-2-320-1675; fax: +82-2-322-7003
E-mail address: hmchang@hongik.ac kr



= =
= =

Q,

<)

AR
o]

3}
A

& T
o
Ao A

[1g
A

3

A=
=

o]
system(TVS)

g 2A 719

T

o

3

g

il

Fad A AR
venting

Al S
=2

1]

A5t
go] Qelst Aol d o] +AH3

=

o

A el 2.
— 1 =2

YEA 2

1

vehicles(RLV)&

thermodynamic

A

65K DO,
90K LO,

o

i
4
<

hehg ot Al zsgol

%)

A A kA

)

=

)=
ju

kel

YEHe AdT

W T

Q,

15K DH,

20K LH,
Schematic diagram of a two-stage

reverse-Brayton Helium cycle.

Fig. 1

A
g

dl =&

ol %

2

s Ao TR A

AN R, WA

5

ks oh Iy

%

4

LN

=

=

F 3
ol
oN

O
gl

dAR Y

o]

jm3

| et bHEA
a o

FH L AA Azdol

o

—_
fite)

ﬂwmo

%ﬁ_l

Jo

ofy
r
o

i
o

—_
3

Claude W-EA}to]

j=1]
=~

J-T

t}. 9 Brayton#

—_
fiTe)

ol
Nd
ojp

Fo w5 BE

nazh e g 2

i

sl
gl

12 siAel o

o]

inisd

o

AT A= Fig. 1o =A1€

9. 2

=
=

I <4 Brayton @& AlO|

| ot
(Ll

2.2

i

jzel

~
Jo
_

B

o

o7
i

ERE RN

Wl 48 kW @ 15 K,

o iy

Agd AFARCYE

T

pid

2

A9t 6 kg/s 9

3
=

o}

sl e,

3}
2l

1
o

3L
s ol

2

5

1y

268 kW @ 65 K o2 37435 o

of 1517}

o}
=
kg/s 9]
=
=

ol
-1
3
=

717} F70 9

¢

A
(o]
o 29

gho] o529

<)

A

olth. F71¢]
gl 9%

ol

N

)

No
of

ol

BN

gl

)

8

101 kPa= 11

T
T

2
14160
stk

&

B

2020 kPa
]
g

(e}
= -
o

=

Al o]
)
A

=

A=

Al 7] A

Al
=

3. A4 A3

719 A}&-0]
57 A

%

3
Fol 41 <)

B0 &

ks

%

Ade $AFee A4
9/]

gl

U%

o|)
N

=
6]



03
70 04

65

m=1.2kgls

HXo inlet (K)
HXo; inlet (K)

0.6

60

10 15 2(
HXy; inlet (K) HX}y; inlet (K)

(a) (b)

4
351 B 35
3l 4 3
5 4 25
85K HXo2 inlet temperature = 45K |
L 7

5K
65K 55K

I S

L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.¢

m [kgls]
N
@

m [kg/s]

Fig. 2 Sample analysis results of two-stage reverse Brayton helium cycle (heat exchanger
effectiveness = 0.95, expander efficiency = 0.8) : (a) Total mass flow rates of system
required as functions of densification stage temperatures, (b) Mass flow fractions at the
inlets of expanders (y) as functions of densification stage temperatures, (¢) Liquid oxygen
densification temperature as functions of total mass flow rates and y, (d) Liquid
hvdrogen densification temperature as functions of total mass flow rates and v.
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