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Simulation of pre-cooling filling process of liquid oxygen system based on
parameter optimization of Kriging
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Abstract: For the pre-cooling filling process of liquid oxygen system of cryogenic liquid rocket
engines under the action of inert gas blowing, a two-component two-phase filling model was established.
Due to the inclusion of 7 control equations, the complexity of the model parameters increased, and there
were constraints on the low optimization efficiency and strong nonlinearity of the parameter matrix for
direct parameter optimization. Based on the Kriging surrogate model, the particle swarm optimization
algorithm was used to efficiently find the global optimal parameter combination of the two-component two-
phase filling model under the influence of multi-factor coupling, which effectively improved the
simulation accuracy of the model. The simulation study on the pre-cooling and filling of the liquid oxygen
system of a certain type of engine showed that the relative error between the simulation results and the test
data was only 2.75%. The pressure climb curve in the liquid oxygen dome of injector showed the

characteristics of step rise, and the liquid oxygen filling rate accelerated with the increase of inlet pressure.

Keywords: Kriging surrogate model; pre-cooling filling; liquid oxygen;

particle swarm optimization; two-phase

HI T A7 7R 52 2% B 2l 25 AR L 30, 8 48 25 L Or AR PR S A AR R B T R A Y TR
SRR FEIURAE B R O B — BORARR AR KT 0 R DL R B S 4 2 7 1Y, I 22 W A
K AL R Ge ) o B E R P FRT, [FI] 14 245 3% 3801, DAL 0k R AR B A 24 4 B A A )
PR G122 X2 RN B 7 R AT 23 g A A AR B T B S1IR G, 12 BA P S AR PR A A

U %5 B #A: 2023-01-01
1B & 18 1 - IKBOR(1986—), B, WFFE 5L, i, 3B IHE I K 55 & ShPLs e
S AR IKIG, (B2, B RN, %, BT Kriging 28R A RSB I B [T]. B2 35 1274, 2024, 39(12): 20230002. ZHANG

Xiaoguang, REN Xiaowen, GAO Yushan, et al. Simulation of pre-cooling filling process of liquid oxygen system based on parameter

optimization of Kriging[J]. Journal of Aerospace Power, 2024, 39(12): 20230002.

20230002-1



IR DA

%39 %

I AR A Ab FET XAy A S A A5 R A A IR O R ST S
J7 T A9 1 e - p 7 50 o0 (DLR) ) Hagen
ST B M LR o v X R R A T SR i E
7 T BB Ao AT, 25 SRR B TR S 5
1 B 5 AR, A B TR R AR TR 7 N [ g, B
SRR W, E DT T BN
X1 S50V (R 24 AR AR DA A/ 4R VR AR A 2 ) AL
BT R IEAT T 5 A, TR R T
BEADL FE I I 7 0 S A Rk o AR o AHAR AL D7 1, 3
RECRR L 38 FH A T R AR ABE RU LT B T SR A S R
PR O B CROM L WA S = A6 #) 4h, I8 77
TR TR JEE BT | R [R) A% A LA B ] J5T i A R A AR
¥ 5 A% LAAE 7 B A 5 P, T Ky Oy R
B2, SR FRAFAE R R A M FE 1, DRt g s
BEXIZ R A N 2 34T T A 2 A
Richter!™ %5 FL 42 1 AP0 1A 7E KK A8 L8 %
AR B DT FRA AL [ A% K i AU 20 AR
I RE AR A, SR H 3l O R R BB L, IR
W TR TR TP 25 I N 1) R g 32 B ol SR Y R 4 2
F T, FE T R DL IR R A SR R R 4 B
I AR O AR

DL R 5T AR Y X AR R it A ) 4 26 3 P A
i sh, RIS 5 AR & T [a]—Fh A a7 e
SRR VR AR KT & B HLI R B SR R, AR
ARG TR TG ESARRBRE R T 47 508 78
T, DA 1 M A 2 R84 A 18 K RS AT
AR A Y, 35 BN et R PP LT, W
ARG T T8I L 53 A R S AT AR S P A
SRR BN, S R R i — 2P K H BRI
B A T (8 (0 I O A A A, 8 FF SR o £
AR S RIE . A% T b, AR SN T —Fh
20 43 T AH FE SRR Y, SR AU AR S R A
P MR T R, SR AR 7 A O AR,
rhah Bk HIVERSIE L. X T 4 1 8h A
AR I R AR K kA AR SR Kurul 4809 2235
NS I ZE B

5 DRI L, AR SCHEST R LA R
M52 4% B, AT 8 S B0 AR W . B A A
SRR R BT, IR GE 0 | a8 B T
RH LB EEL R TR 2 N RZ A
W & 2RSS . IR, B 4
RITF & S BARAC W AETEAR AR . S8 PR
e PEsR I LS L R P, P, iR R —
THE A D | WS R SO0RE O iR i S5

W7k o MRBIRERIEOR, Al AR EAEA s I 2R iH 5
JEFOAE TR P 235 SR AR S A £ QBB B 25 G ] £ XA
BT R A 5k | LI | R SR
TR P A8 R A 2 4 Sy B DL A, 2 3B
A S LA RCR A RO H AU R
AW VL TET L A 1] pR K| Kriging 4F B JE
Kriging B AR 7Y n] Fi] 4 /0 i A B4 506 40
A AR eR I, AN A il 4 A 2 e
I A AR AL T RS AN B E PR T, R T
i [ A7 AN R SR, R AR DR R A K B PL R S 3
Jre it R R T R A R AR A A R R A A
RO EP

AR SR T Kriging AQ RS i) 0 16 77 1%
X ST B P2 73 AT SESRURE RO S S M AT Ak,
RIS EA G, AR T 7B 05 FORSJE
FI IR A AR Y 5 AR N TR T A2 L R 58
g 1505 B B BE R8>, AR ST AR R 5E T7
] A SR R

1 #ERRFE

1.1 ¥EEER

TF G 20 W A M 3 & 3 L (open-cycle liquid
oxygen/kerosene engine) 7 {2 it #2 H R K 25 )5
Bl A W KR AR e IR SRS, W 1 R . ok
ARSI e AT 1 TR B A L I R R R A
N, R B Lk B AR R A A I KRR R A
T A% AR T M, e R T LR s S RS M AR
S N A I HEAT IR o W BRI AR — B RS
2R AP AT E O, AR it 72 bl 4]
AR B AT T I, BB R PR BRAE TR
FUIEMT T A E A o A SCRIXTZ ) B A 1 TR

FIA S 1 RS EAAT 5T
BRRAL HAEFIAD

SRR Y Y

AT 31

HRBIR
WK BN

g Rl
\ LN KB
gy o e

P PR/ A SR e A

Fig. 1 Schematic of open-cycle LOX/ kerosene engine system
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Fig. 2 Simulation model of liquid oxygen line
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Fig. 10 Wall temperature under different inlet pressures

VA FARE 7 1 9, S5 AL v B0 R AG , nlAl 10 B
(R AR bR T, S TG 5 49 1, L7 S8 Y
F/IMELFI R S5 T B O B, 4 HR 5 (14) AR [R)E =X
JA— A Ab BI) | BE TR ST B IIBR S8 B0 i
S e 2 B R R R I

4 & it

=

W LA BT, AR

1) T Kriging {8 R DR B0 5A:
2, AR S T ST A PR 2 4 A e AR R R
WERMEZm T 2RSS HEAE, AR
TR )4 BN B, 7 LA R 5 R BOH A X
B2 2.75%,

2) BMIESEAEANNE DA MEERG
By L FHRRAE, s 1A G B ARG,
55 246 B e R TR SR AT

3) WA MRS A LRI 2 IEM A,
(] B Bt A TR T B G R, VAR T G OR, WA S
255y B T A XT3 46 PR 7 3 5, 45 A ¥ 1) R
hndk .

SE Bk

[1] 27K, BFE, MLk KAE LS8 8k H 3l ) R g Mk A
A3 [I). HEHESE AR, 2021, 42(7): 1441-1448.

LI Dong, WANG Jue, CHEN Shiqgiang. Key technology analysis of
CZ-5 launch vehicle propulsion system[J]. Journal of Propulsion
Technology, 2021, 42(7): 1441-1448. (in Chinese)

[2] AGRAWAL G, SUNIL KUMAR S, AGARWAL D K. Pressure
surge during cryogenic feedline chilldown process[J]. Journal of
Thermal Science and Engineering Applications, 2016, 8(1):
011005.

[3]1 BRE, REH, FAHI, 5. OR35S 56 15 % # M.
Lm0 B2 A, 2017,

LYU Junfu, WU Yuxin, LI Zhouhang, et al. Gas-liquid two-phase
flow and boiling heat transfer[M]. Beijing: Science Press, 2017. (in
Chinese)

[4] HURISSE O. Numerical simulations of steady and unsteady two-
phase flows using a homogeneous model[J]. Computers &
Fluids, 2017, 152: 88-103.

HURISSE O. Application of an homogeneous model to simulate

w

the heating of two-phase flows[J]. International Journal on Finite
Volumes, 2014, 11: 1-37.

[6] HAGEN S, GERD K. Numerical simulation of transients in feed
systems for cryogenic rocket engines: AIAA 95-2967[R]. Washing-
ton DC: American Institute of Aeronautics and Astronautics, 1995.

[7] W07, BRBH, SRIRMG, 55 W 1A KO & S LSR5 5 W% R 40
A R EL[I]. A B A3 24, 2006, 21(2): 417-420.

GAO Fang, CHEN Yang, ZHANG Zhenpeng, et al. Fault simula-
tion and analysis of the FLPRE test-bed fluid systems[J]. Journal of
Acrospace Power, 2006, 21(2): 417-420. (in Chinese)

(81 FEIEAR, XU EL, 5K & AR M il 4 8 50 43 107 4857 Bk 19008 FE SRR A8

T[] MR, 2000, 21(5): 38-41.
CHENG Mousen, LIU Kun, ZHANG Yulin. Numerical analysis of
pre-cooling and priming transients in cryogenic propellant feed sys-
tems[J]. Journal of Propulsion Technology, 2000, 21(5): 38-41. (in
Chinese)

(9] XIE, BEIEAR, ok & bk AR L i k500 410 07 48 T A% e e ad

19 3y g 2 LR [0, 1] B A R 2 2 4, 2003, 25(3): 1-5.
LIU Kun, CHENG Mousen, ZHANG Yulin. Dynamic model of
priming processes of cryogenic propellant feed lines[J]. Journal of
National University of Defense Technology, 2003, 25(3): 1-5. (in
Chinese)

[10] CHAN A M C, BANERJEE S. Refilling and rewetting of a hot hor-
izontal tube: Part Il application of a two-fluid model to analyze
rewetting[J]. Journal of Heat Transfer, 1981, 103(4): 653-659.

[11] FONTALVO EM G, BRANCO R L C, CARNEIRO J N E, et al.
Assessment of closure relations on the numerical predictions of ver-
tical annular flows with the two-fluid model[J]. International Jour-
nal of Multiphase Flow, 2020, 126: 103243.

[12] ZHANG Hao, YANG Yanhua. A split scheme for the two-fluid
seven-equation model with source terms[J]. Progress in Nuclear
Energy, 2020, 124: 103350.

[13] LIU Fayue, CHEN Huandong, CHEN Jiayue. Numerical simula-
tion of shock wave problems with the two-phase two-fluid model[J].
Progress in Nuclear Energy, 2020, 121: 103259.

[14] ZHANG Hao, YANG Yanhua. Development of a Riemann solver
for the two-fluid seven-equation model[J]. Annals of Nuclear Ener-
gy, 2020, 142: 107391.

[15] RICHTER H J. Separated two-phase flow model: application to
critical two-phase flow[J]. International Journal of Multiphase
Flow, 1983, 9(5): 511-530.

[16] A a0 ol [, 1 9 U . WS 2 3 AL AR I 41 o0 AT 58

SOt AR AT (0], K A 2, 2006, 32(2): 11-15.
YANG Yonggiang, LIU Zhanguo, XU Haohai. Research on two-
phase filling process of cryogenic propellant for a LOX/Kerosene
LRE[J]. Journal of Rocket Propulsion, 2006, 32(2): 11-15. (in Chi-
nese)

[17] i fe, g al, 2R W, % (%R B8 A5 B 3l S A& ik

TS R RO ST #[I]. T HE 2E, 2018, 44(6): 53-56.
CHENG Xianghua, XUE Huijian, LI Honggang, et al. Investiga-
tion on unsteady characteristics of flow and heat transfer in cryo-
genic precooling pipe[J]. Journal of Rocket Propulsion, 2018, 44(6):
53-56. (in Chinese)

[18] &, X I, X &il, % MR A 8 A K AE T B K 3
ML 31 fE 19952 IR0 (). KT 4k 2, 2021, 47(3): 74-82.

20230002-7


https://doi.org/10.1115/1.4030840
https://doi.org/10.1115/1.4030840
https://doi.org/10.1115/1.3244522
https://doi.org/10.1016/j.ijmultiphaseflow.2020.103243
https://doi.org/10.1016/j.ijmultiphaseflow.2020.103243
https://doi.org/10.1016/j.ijmultiphaseflow.2020.103243
https://doi.org/10.1016/j.pnucene.2020.103350
https://doi.org/10.1016/j.pnucene.2020.103350
https://doi.org/10.1016/j.pnucene.2020.103259
https://doi.org/10.1016/j.anucene.2020.107391
https://doi.org/10.1016/j.anucene.2020.107391
https://doi.org/10.1016/j.anucene.2020.107391
https://doi.org/10.1016/0301-9322(83)90015-0
https://doi.org/10.1016/0301-9322(83)90015-0

IR DA

%39 %

[19]

(20]

(21]

(22]

(23]

(24]

[25]

[26]

(27]

JIANG Lei, LIU Shang, LIU Zhirang, et al. Influence of ignition
relay process of gas generator on starting performance of engines[J].
Journal of Rocket Propulsion, 2021, 47(3): 74-82. (in Chinese)
KURUL N, PODOWSKI M Z. On the modeling of multidimen-
sional effects in boiling channels[C]//Proceedings of the 27th Na-
tional Heat Transfer Conference. Minneapolis, US: American Soci-
ety of Mechanical Engineers, 1991: 1-20.

ZAMEER A, MIRZA S M, MIRZA N M. Core loading pattern op-
timization of a typical two-loop 300MWe PWR using Simulated
Annealing (SA), novel crossover Genetic Algorithms (GA) and hy-
brid GA(SA) schemes[J]. Annals of Nuclear Energy, 2014, 65: 122-
131.

MWL, b2, dR eI I T 2 B AL B A S R S HL A
B R AR AL 7 Bk ). HE R R, 2021, 42(12): 2684-2693.

YE Yifan, WANG Zhanxue, ZHANG Xiaobo. Multi-surrogates
based modelling and optimization algorithm suitable for aero-en-
gine[J]. Journal of Propulsion Technology, 2021, 42(12): 2684-
2693. (in Chinese)

XKy, AR, SR, AF LB TR R R S B
A AL BT RF ST D], HE E R, 2019, 40(8): 1743-
1751.

LIU Xianwei, LI Huacong, SHI Xinxing, et al. Optimization de-
sign of composite impeller of aero-centrifugal pump based on parti-
cle swarm optimization[J]. Journal of Propulsion Technology, 2019,
40(8): 1743-1751. (in Chinese)

FZa M, XA, XV, 5. KR S HLIR §E v 05 7 A
LSRR 3 0] KR HEHE, 2020, 46(2): 57-63.

JIANG Jinpeng, LIU Zhichao, LIU Zhu, et al. Reliability analysis
of fatigue life for rocket engine turbine blade[J]. Journal of Rocket
Propulsion, 2020, 46(2): 57-63. (in Chinese)

W, IME, T &, S RABERES RILBE RE 2R E
JEREE 23 v A B2 LI HLAR T 45 3, 201708 T 1): 229-
232.

LI Jieling, SUN Wei, DING Xin, et al. Application of agent model
in global sensitivity analysis of complex electromechanical sys-
tems[J]. Machinery Design & Manufacture, 2017(Suppl.1): 229-
232. (in Chinese)

LIU Fei, HAN Zhonghua, ZHANG Yang, et al. Surrogate-based
aerodynamic shape optimization of hypersonic flows considering
transonic performance[J].
2019, 93: 105345.
7NN e N o 7 o Y | N O | = S AT
2006.

YANG Shiming, TAO Wenquan. Heat transfer[M]. 4th ed. Beijing:
Higher Education Press, 2006. (in Chinese)

AR50, 25, BRI, A A v o o 30 0 A A 52 0
PR T BL[I). M58 3R, 2022, 43(2): 125047.

REN Xiaowen, LI Ping, CHEN Hongyu, et al. Simulation of two-

Acrospace Science and Technology,

(28]

(29]

[30]

(31

[32]

(33]

(34]

[35]

(36]

[37]

20230002-8

phase filling characteristics of storable propellant in pipelines[J].
Acta Aeronautica et Astronautica Sinica, 2022, 43(2): 125047. (in
Chinese)

fEZE30, 257, Rk &, &5 T4 A0 A o 8 B ) S 0K i
WFFE ). HEBEH A, 2020, 41(12): 2700-2708.

REN Xiaowen, LI Ping, CHEN Hongyu, et al. Investigation on
water hammer during filling process of closed conduit with en-
trapped air[J]. Journal of Propulsion Technology, 2020, 41(12):
2700-2708. (in Chinese)

EGOROV Y, MENTER F. Experimental implementation of the
RPI boiling model in CFX-5.6[R]. Budenheim, Germany: ANSYS
GmbH, 2004.

COLE R. A photographic study of pool boiling in the region of the
critical heat flux[J]. AIChE Journal, 1960, 6(4): 533-538.
TOLUBINSKY V I, KOSTANCHUK D M. Vapour bubbles
growth rate and heat transfer intensity at subcooled water boiling[C]//
Proceeding of International Heat Transfer Conference 4. Connecti-
cut: Begellhouse, 1970: 5.

REN Xiaowen, LI Ping, CHEN Hongyu. Numerical simulation of
water hammer in liquid methane feedline based on two compress-
ible fluid models[J]. Cryogenics, 2020, 109: 103122.

Wz £, XULLZE, WRat e RMIRIE 31 Jk Sl HLo 30 & 3 o 2 [J].
il 25 3h 1% 4, 2015, 30(12): 3010-3016.

CHEN Hongyu, LIU Hongjun, CHEN Jianhua. Forced start-up
procedure of a staged combustion cycle engine[J].
Aerospace Power, 2015, 30(12): 3010-3016. (in Chinese)
CANNAVO F. Sensitivity analysis for volcanic source modeling

Journal of

quality assessment and model selection[J]. Computers & Geo-
sciences, 2012, 44: 52-59.

BEMG K, XVIE S, A0, 45 B8 75 O TR L Z SR AF
AT R[] U= B 1 4R, 2023, 38(2): 491-503.

XUE Pengfei, LIU Zhengxian, LI Xiaojian, et al. Multi-compo-
nent coupling optimization for stability improvement of transonic
centrifugal compressor[J]. Journal of Aerospace Power, 2023, 38(2):
491-503. (in Chinese)

ks, B, M, S — R T A TS ) T AL
75 WS SR W (1], BLBR BETH 5 3k, 2021(8): 43-47.

DU Li, LV Liye, SUN Wei, et al. An Latin hypercube sampling
approach for constrained design space[J]. Machinery Design &
Manufacture, 2021(8): 43-47. (in Chinese)

W=, 4RI, AT, SR I A S B R 4 A
TEFRE BE 20 M B AR A BE T J7 LT 5T (D] e HEHER,, 2022, 43(3):
85-94.

YAO Lichao, ZOU Zhengping, FU Chao, et al. Performance anal-
ysis and optimization design method of supercritical carbon diox-
ide recompression brayton cycle[J]. Journal of Propulsion Technol-
ogy, 2022, 43(3): 85-94. (in Chinese)

(4. L8FE)


https://doi.org/10.1016/j.anucene.2013.10.024
https://doi.org/10.1016/j.ast.2019.105345
https://doi.org/10.1002/aic.690060405
https://doi.org/10.1016/j.cryogenics.2020.103122

	1 模型及方法
	1.1 物理模型
	1.2 两组分两相充填模型
	1.3 液氧蒸发模型
	1.4 发动机液氧系统预冷充填过程仿真模型
	1.5 Kriging代理模型

	2 基于Kriging代理模型的参数优化
	3 计算结果及分析
	3.1 液氧充填过程分析
	3.2 入口压力的影响分析

	4 结　论
	参考文献

