$49 % K1 N OHE OH Vol. 49, No. 1
2023 4F2 A JOURNAL OF ROCKET PROPULSION Feb. 2023

SHL R AR 3R A E 7R B BT 2 1 i 2 ROV A

! pant,F AL EE R
(1 ARRARBA AR AR D R EEFERE, LT 100028;
2. HERAKF A

RYEshH TARFRE, & H% 710049)

WE TFER,RBRANEKTEATRFET S Z A, H X REA A AT R F KR #
B GFHRGFETRNT R, AW, 8 R KBRIER A FER DR EATT R, (253
IR EZRRZ AR, MRBRARO R FRRAZEGRIMA R RZL AR, &
T 1960 45 L1 3k K #F 48 2 7] oy 6 8 DR 3% BEOK 8T 2% BL R A 1 O, %K 05 3 0 0] A2 K R 48 2 4T
WIRL A G5 R BHATR AL R NIKIE 27 09 o A M FT &, | AT K 3k 5 A, 35
BG4 B 0 20 7 A0 A E R R U R B E LR AN T EHRTE 6T /H. £REK
WA R, A AR NI T 3K 457 s, MEEBAMTRAMT, AR HE A &
N AT R TN, R BRI S L AR AR IE S UEKRAIOm FANERO0. 1 miy
Ak G B Ol AR B E FEANT S kPa, AR S IR /DT 0.5 Ko £ 34T % A L 2+ AR
FhEA D, AR, AT b2 EALRT, XTEHESm EE3 m WEEDEHRIK,
L ARG E B 50 W/m® B AR AT 3 4.83 KA A 1.93 K A e 7 8 7T 3£ 36.5 h,
AR K 5.5 ho TR BER AR B P E W IE RAFR A, 14 W/m', 43T = 0T B A
e, RARARF MRS AR RAF DA M, T H ) R EFREXTEL£EF
B, AR ERERAR, R RE LA AR (AT L =R BE) THERE/ AR
WL/ TR R B A X U B ) 2 B 4R Tt 8. 66 %A 6. 89 %; iR A K F O f K AW B AL A A M
A ZE K 3K 322, 82 %354, 67 % Fr 285. 45 %, {8 £k & 4 o 45 5 o B 7 3G Am 41,36 % 15. 42 % fn
18.64 %, K AEK, A LA B E ML, L3h ffrlEAn 74 A B8R I+, 12 45 1A BT
598

REIR  WIBRIA WA A R E A

hESFES V511°.6 XEfFRIRES A XER/S 1672-9374(2023)01-0044-10

Evaluation of thermodynamic performance parameters for
typical cryogenic propellant
LIU Bowen'?, XU Yuanyuan', LEI Gang', LI Yanzhong'*

(1. State Key Laboratory of Technologies in Space Cryogenic Propellants, Beijing 100028, China;
2. School of Energy and Power Engineering, Xi’an Jiaotong University, Xi’an 710049, China)

S H #A:2021-10-28 ; & [E] H £ :2022-01-06

BE&TE i AR B A 5 0 52 90 % Pl R ( SKLTSCP1914)
YEE BN XA SC(1997—) , B 1 WF 58 S0 A I R A 1 7003 s e 44
BISIEE 02 0(1958—) , 5 1t B4, B Bl R (R TR 390 T sl e i



H49 % 11 XUAFSC , 45 - MR HERE TR R 8T A P RES OO A 45

Abstract In recent years, cryogenic propellants have been widely used in the field of rocket propulsion,
and the research on cryogenic propellants such as liquid oxygen, liquid hydrogen and liquid methane has
also been carried out in depth. However, although the research on the thermodynamic properties of cryo-
genic propellants has been carried out, the characteristics and differences of various propellants have not
been studied. In addition, the thermodynamic properties of cryogenic propellants have not been compre-
hensively analyzed and systematically understood. In this paper, the application and development of cryo-
genic propellant in the field of rocket propulsion are systematically reviewed based on the statistics of the
used rocket propellants since 1960s and the distribution of rocket stage application. Based on the basic
thermophysical properties of cryogenic propellants, the dynamic characteristics, transport characteristics,
storage characteristics and densification characteristics of different cryogenic propellants were comprehen-
sively evaluated for aerospace propulsion applications. The results show that the liquid hydrogen has the
best thrust characteristics, and the theoretical specific impulse of hydrogen-oxygen engine can reach 457 s.
Under the same pipeline and working conditions, the liquid hydrogen has the smallest flow resistance,
the liquid oxygen has the smallest flow temperature rise, and the overall performance of the liquid meth-
ane transmission characteristics is in the middle. Taking the filling pipe with a length of 10 m and an inner
diameter of 0. 1 m as an example, the liquid hydrogen flow pressure drop is less than 5 kPa, and the lig-
uid oxygen flow temperature rise is less than 0. 5 K. In the process of ground parking, the temperature rise
of liquid oxygen and liquid methane is small, the tank pressurization is slow, and the thermal stratifica-
tion of liquid methane is weak. For a cylindrical tank with a height of 5 m and a diameter of 3 m, the tem-
perature rise of liquid hydrogen is 4. 83 K and that of liquid oxygen is only 1. 93 K when the heat flux is
50 W/m’. The storage period of liquid oxygen is 36. 5 h, and that of liquid hydrogen is 5. 5 h. The critical
heat flow required for thermal stratification of liquid methane is 14 W/m”, and the storage performance of
liquid methane is the best. The supercooling densification technology can change the propellant applica-
tion performance, which will have a significant impact on the power, transport and storage characteris-
tics. When the tank volume remains unchanged, the adoption of deep supercooling technology ( triple
point temperature) of liquid hydrogen and liquid methane can increase relative load capacity of liquid hy-
drogen/oxygen and liquid methane/oxygen fuel by 8. 66 % and 6. 89 % . The non-gasification storage peri-
ods of liquid oxygen, liquid methane and liquid hydrogen are extended to 322.82 %, 354.67 % and
285.45 %, respectively, but the flow resistance increased by 41.36 %, 15.42 % and 18. 64 % due to the
increase of viscosity. In general, after the subcooling and densification of propellant, its dynamic charac-
teristics and storage characteristics are obviously improved, while its transmission characteristics are re-
duced.
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Tab.1 Data of propellant usage in different ages
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Fig.1 Propellant usage in different ages
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Fig.2 Propellant usage at different stages of the rocket
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Tab.2 Conventional thermal properties data of three typical

cryogenic propellants (at normal boiling point states)

SR TR WE wFE A
A Fi/ (g - mol ™) 31.99 16.04  2.02
=HA/K 54.36 90.69  13.96
BB A5/ K 90.19  111.67  20.37
R/ (kg + m ™) 1141.20 422.35  70.85
AEE/ (wPa - s) 194.67 116.76  13.49
/(KT » (kg - K) '] 1.70 3.48 9.77
SHE/[mW - (m-K) '] 150.77 183.70 103.62
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Tab.3 Thrust characteristic parameters for

different propellants
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Fig.3 Specific impulse and density distribution of
different types of rockets
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—a— LOx

50 KoOHE B 2023 42 A
350 BORRS  WCAYCZ , VT BE IG5 B AR 20 A8
300—¢ - R ,3 PRI JG i b J2 L A T 0, S s

Zasof f I X I M F 20 0 5 W/’ L2
2 200 ‘f 7 W/m® TS 14 W/m’ o SRR BT b S
€ solf R R,

{

i

—e— L.CH,

100 —— LH,
50 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

I} [a)/h
E7 MEAEABERETLNE(RREE
50 W/m*, 467 5 m, B2 3 m)
Fig.7 Pressure in storage box varies with time (heat flux

of 50 W/m’, height of 5 m, diameter of 3 m)

SERE I Y FA R 0 A N 2 e AR A 2 B
B —WCRHMEIE R TC B 905 AL Ra ™ AR A 14
Oy R Rk R (5) FiR, S
Ak 4 P,

W (B

X g MEIIIGESE,9. 8 m/s*;8 W IY B R EL;
q, HHN TR L R FRRIE R T, my A S R IR
BLW/(mo- K) v i sh 6, m*/s;u R 3h J1 5
J& Pa - s,

x4 BERFBERIENXR
Tab. 4 Relationship between the revised Rayleigh

number and thermal stratification
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Tab.5 Thermophysical properties of subcooled cryogenic propellants

. W W W
e Cq . — ‘ - — \ - — ‘
FREEAL S NI BRERA SIS MRS BRI AL ANRERIN %
’?‘F?E/(kg . m'3) 1141.20 1 306.10 14. 15 422.35 451. 47 6. 89 70. 85 77.00 8. 68
W E S1/kPa 101. 325 0.146 -99. 86 101. 325 11. 697 -88.46 101. 325 7.362 -92.73
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