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Effect on self-pressurization and mass loss of thermodynamic
vent system by non-uniform heat flux
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Abstract: Thermodynamic vent system (TVS) is deemed as an efficient pressure control technique for long-term
on-orbit storage of cryogenic propellants through fluid mixing and a combination of throttling and heat exchanging
before venting. To conduct further study on the performance of tank pressure control by TVS under non-uniform
heat flux, the effect of non-uniform heat flux (vapor heating only, liquid heating only and one side wall heating for
both vapor and liquid) on self-pressurization characteristics and mass loss has been investigated experimentally on a
TVS simulator, which works at room temperature and with R141b as the working fluid. The tank pressure rising
rate, TVS operation performance, and vent mass loss of different heating condition were compared in detail. The
results showed that under the condition of vapor heating mode, the rising rate of the tank pressure is the fastest, the
TVS operation frequency and vent mass loss are the highest. However, under the condition of liquid heating mode,
the rising rate of the tank pressure is the slowest, the TVS operation frequency and vent mass loss are the lowest,
which decreased by 42% , 29% and 33% , respectively, compared with the liquid heating mode. Considering the
overall effect by the pressure rising rate, the thermal stratification of the fluid and the vent mass loss, the internal
wall surface of the tank is better to have hydrophilic treatment or to integrate capillary structures to avoid direct
heating of the ullage in micro-gravity environment.
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Schematic of the TVS experimental setup
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Fig.3 Comparison of pressure rising rate for different heat

additions position during self-pressurization process
MIH R 78 B 4l BRI, TVS FF iR
47,78 TVSHERF VA8 1 B 2= 6 T T RR,
W TVS 45 1k iaq T, WA JR T 4 B 38 % 2 5 4%
il LR #EAT — A hl . #4450 TR
TN TVS AEHIE AR 3G sl 2508 b, B
LA RIR TVS TAER L i B aliiR 528 R IR A
HEASLE] TAE. Sk i B0 A B A A i #4007 =R
LU A oA AR T R T 25 ) B, T s S5 A

)1 FH 3582 3 e VR TR 5 B S B A Y ok e I

JITLA, i T 00 T Al S TR A A i I A T 0 1 A
W 22 00 (43 AR - RO AT AR I IE
UFAE S, IR SRR B R AR B2 22 531/, B AR
gl A T 4 R A D B (13 A SR )
TR AR S B T I A AR A e L, B
THBRIG | A S K AR 1, R A
FREEHE AR 4 Bl Ts 20F IEAR T R A0 2
MR, 2 TVS AR SR aliR 522 iR & A
ARSI TARRE, TVS AR5 AR 38 s AR B T
FTt AEIE i T HE VR Tl 2R — 3R o PR 1
WEAR AT 38 o A ST R T T )

0.026

7, 0.024

& 0.022} IS

< 0.020f RHIFIIR

5 0.018] / N

5 0.016| )

0.014 S A

iz 0.012}

E 0.010[ 7 A\,

= 0.008[ £, o

@ ™ HGR R

2 0.006 b et
0 5 101520 2530354045 50 55 60 65

TVSH il A 1

E4 TVS{EREEEREST L
Fig.4 Comparison of pressure rise rate for different tank-wall
heat additions after TVS control

5.6 43l ge T ORIy R A (T ~
T4) FIWAH (TS ~ T8) - ¥ B2 A8 Ak, A~ B b th
TOTERKS F R B R A BB R A I HER SR F 1
FAB B RF LB R EAT T FRiE. £8 AR B B, AUA
SP- 2477 A fe B AR YA BRI B SR T 1)
TEATAG I 450 | BP0 X Y A B T8, X
'?Eli*)f I B SR R AR A B A AR [R]. TVS w5
REBTFR)G , AEEERE R T MR A 44
%mﬂ%rg%}w%@r@mﬁ%@{amzmw%
APRAFIE T 17 PG 04 V80 0 3 0] 22 B A 5 B bR
PR TR T S A S BT LAY T A B TR R
J7 18] TAE F- WA AR Z 8] 9 S 30 4E T, B3l
TV R AR 1) W S5 5 AU A T ) 25 R ¥R Bk it AR
140 TS ek 5 A v 1) AR v ) A B A A A 3 3 RS Ui
JERAR AR w5 5 TR A A5 RN HE R 3 [F] I
U TARSS AT 241 B T A e AN AR 2Tt . i
AHHEAR T, AR 05 7= AR B8 B 2 AR T H
TR AR B
5 26 S A i — 2 B B R P (Y B, R TS
~ T8 i Jr 22 5 S VEIE A PO Al 1) 00 2. R
[Ty 3K WA IR 3 7 22 A8 AR X He an il 7 TR
FEH BB B, TR iy =X WA R B 2548
TR R BB A3 23 ok ™ . B o B IR VR
FHAAA 2 B /0N T B T A0SR s YA #4402 e ™



<112 - MR U

NN AN

5 50 &

L, 2 BN 1. 4 A7 TR T S A
BRI, I PRI i ) 19 SR X UM T i 44
IO T AR A s AR AR I, SO AR
IR ST 1] A I R LA A I AL 3k, B AR XS
TS TVS BEHR A BT R R BRI RO
Dol IN. IR A A A HE S L R T iR AR
4 T TT X B BRI R LI K. Z 5
FTHEAS TVS FERITAIAE I N AA R 2,
M SR A A A T [R] AR, DAY T AR 34 2 SR
THIR I g .

LU 7%
30 i - ! i it por: T AR
2 I AR TR, i&]’ﬁbnﬁ
25 L L L ! —Li‘ﬁ—.m’]ﬂﬂ 1111
4 8 12 16 20 24

t/h
BS AEMAFXTSEEHREXLL
Fig.5 Comparison of average ullage temperature for
different tank-wall heat additions
50 -

45} A
A
- —a— SIS I

40t
" v AR
P35l I - H 34 R B
SP » I-RARE
/,;’ IR &+HEH B
30 I I i RO
- - L I
I S

25F

I i i

1 1 1

I
I
1
0 4 8 12 16 20 24
t/h

B6 AERMAFXTiREEHREILL
Fig.6 Comparison of average liquid temperature for
different tank-wall heat additions

8 45 th TR U TR 5 R
X TRV BRI m,,, (2) S

Mo

t 2)

AP e R R IR e 7 DR A5 A T T P ) B I T
M A ¢ I T] AL A T 040 2K B

TR T7 T8, N PR MR I e g T i e
PR, TVS HEA fi g , 3T o4 G a3 d e B
IR T S B e /NIRRT BB K, HE B i £ <
PRI HE TR 0. 18 ke/h. BT g Ko
FA— U, TR K AR S A AR [A]. DA, 7 2 (7] ik
AT W02 A e BE T E 4T 2 Ak B
R IR A AT WL, LA AR 2 IR RO R, 5B

Myss =

ORI AL 22 SORH AR RS, 0 B DRl 182 24 B Tl 8
4 H 8, AT IR T T AR A 304 T s . A e
LT A HE R G R SRt 22 R FEAR, A
T Pl D i A

BETZE
— N W A N3 0 O

B7 ARMAAXTREBETEXTLL
Fig.7 Comparison of liquid temperature variance for
different tank-wall heat additions
0.6
0.51
0.5F

0.4} 0.37

0.33
03f
0.2t

0.1

TR SRE = /(kg-h)

0

fn# JIER EW—
BA A TIpIIER

B8 AEMAFXTTHRIAKEZRITLL

Fig.8 Comparison of mass loss for different
tank-wall heat additions

4 % b

1) AIRIEAR A AL B 2 3, ) 22 HER R G AR
AT LA ACHb A 4 . G B AR A2 A
TCI R A6 A T B 2 A B3 2 i = R R
R A 1.

2) WWAE 2 A B I M E RN FHER RS
(AT R Sl AR R HE RO 2K, A UAH A2 3
TVS J& Sl 5 e, HETCH 2R e K. (OB AR 52
TVS e Sfeitt NHE S AT, g sh iR i AR, HERom
Ffe/N.

3) LEA % I A A3 HE R | AR I 2 FHE
SR FEZS R ) IR WA R TH e R A 7 2%
A PR SRR FH B 41 45 4 3k e R s o) EL A2 A

IRBRGEAE R, X T A I A BRI A )
FRAEEIERE X

%% ik

[1] HASTINGS L J, FLACHBART R H, MARTIN J J, et al. Spray bar



55 8 1

WG, 2 - ARE ST PR O HE R GE A 3 T SR R R <113 -

zero-gravity vent system for on-orbit liquid hydrogen[ R]. 212926,
Alabama: NASA/TM, 2003.

[2 ] HEDAYAT A, HASTINGS L J, FLACHBART R H. Test data
analysis of a spray bar zero-gravity liquid hydrogen vent system for
upper stages[ C]//AIP Conference Proceedings. AIP, 2004, 710
1171 - 1178. DOI. 10.1063/1.1774803.

[3]HEDAYAT A, BAILEY J, HASTINGS L, et al. Thermodynamic
venting system ( TVS) modeling and comparison with liquid
hydrogen test data[ C]// 39" ATAA/ ASME/ SAE/ ASEE/ Joint
Propulsion Conference and Exhibit. Huntsville; ATAA, 2003. DOI.
10.2514/6.2003 —4450.

[4]FLACHBART R, HASTINGS L, MARTIN J. Testing of a spray bar
zero gravity cryogenic vent system for upper stages[ C]// 39" ATAA/
ASME/ SAE/ ASEE/ Joint Propulsion Conference and Exhibit. Los
Angeles: AIAA, 1999. DOI. 10.2514/6.1999 -2175.

[5]HEDAYAT A, NELSON S L, HASTING L J, et al. Liquid nitrogen
(oxygen simulant) thermodynamic vent system test data analysis
[C]// AIP Conference Proceedings. AIP, 2006, 823, 232 -

239. DOI: 10.1063/1.2202421.

[6 ][FLACHBART R H, HASTINGS L J, HEDAYAT A, et al. Testing
of a spray-bar thermodynamic vent system in liquid nitrogen[ C]//
AIP Conference Proceedings. AIP, 2006, 823, 240 - 247. DOI.
10.1063/1.2202422.

[7]FLACHBART R H, HASTINGS L J, HEDAYAT A, et al. Testing
the effects of helium pressurant on thermodynamic vent system
performance with liquid hydrogen [ C ]// AIP Conference
Proceedings. AIP, 1483 1482 - 1490. DOI. 10. 1063/1.
2908510.

[8 JHASTINGS L J, BOLSHINSKIY L G, HEDAYAT A, et al. Liquid
methane testing with a large-scale spray bar thermodynamic vent
system[ R]. 218197, Washington: NASA/ TP, 2014.

[9 ] FLACHBART R H, HASTINGS L J, HEDAYAT A, et al.
Thermodynamic vent system performance testing with subcooled
liquid methane and gaseous helium pressurant [ J ]. Cryogenics,
2008, 48(5/6): 217 - 222. DOI.10. 1016/j. cryogenics. 2008.
03.011.

[10] MORAN M E. Cryogenic fluid storage technology development:
Recent and planned efforts at NASA[ R]. 215514, Ohio; NASA/
T™, 2009.

[11]VANOVERBEKE T. Thermodynamic vent system test in low earth
orbit simulation [ C ]// 40™ AIAA/ASME/SAE/ASEE Joint
Propulsion Conference and Exhibit. Fort Lauderdale: AIAA,
2004. DOI. 10.2514/6.2004 - 3838.

[12]THIBAULT J P, CORRE C, DEMEURE L, et al. Thermodynamic
control systems for cryogenic propellant storage during long missions

[C]// Proceedings of the ASME 2014 4" Joint US-European
Fluids Engineering Division Summer Meeting. Chicago: ASME,
2014. DOI. 10.1115/FEDSM2014 -22217.

[13]MER S, THIBAULT J P, CORRE C. Active insulation technique
applied to the experimental analysis of a thermodynamic control
system for cryogenic propellant storage [ J]. Journal of Thermal
Science and Engineering Applications, 2016, 8 (2): 021024.
DOI. 10.1115/1.4032761.

(1410, HiBE, 2/, 2. AR HEDE RS I R B 78 4

FERSCHEBAR D[], R THE, 2011(3): 59 - 66. DOIL:
10.3969/j. issn. 1000 —6516.2011. 03. 013.
HU Weifeng, SHEN Lin, PENG Xiaobo, et al. Key technology
analysis of boil-foo control study on cryogenic propellant long-term
application on orbit [ J]. Cryogenics, 2011 (3): 59 - 66. DOI.
10.3969/j. issn. 1000 - 6516.2011.03.013.

(IS TZRMG, PhEZN, BRET, 4. MRIEHMELE R K W7 LA HoR B
GEHERLT]. AWK, 2012, 18(1) : 30 - 36. DOI. 10.3969/
j.issn. 1674 —5825.2012.01. 006.

LI Peng, SUN Peijie, BAO Yiying, et al. Cryogenic propellant
long-term storage on orbit technology overview [ J]. Manned

Spaceflight, 2012, 18 (1) : 30 —-36. DOI: 10. 3969/]. issn. 1674

—-5825.2012.01.006.

(16 J AUk, PhUTEL, SKPUHT, 5. R RPN A7 5 4 B

ARBFFELI]. BAMK, 2015, 21(1) : 13 - 18. DOI: 10.3969/
J. issn. 1674 - 5825.2015.01.003.
ZHU Honglai, SUN Yikun, ZHANG Ali, et al. Research on on-
orbit storage and management technology of cryogenic propellant
[J]. Manned Spaceflight, 2015, 21 (1) 13 - 18. DOI; 10.
3969/j. issn. 1674 —5825.2015.01.003.

(171888, #okte, b, 5. (RRMEH T EREE R HER

R TVS Wik [J]. i 5%, 2015, 43(2): 5 - 13.
DOI: 10.16711/j.1001 —7100.2015.02.008.
YAN Lu, HUANG Yonghua, WU Jingyi, et al. Development of
thermodynamic venting system technology for cryogenic propellant
storage on orbit [ J]. Cryogenics & Superconductivity, 2015, 43
(2):5-13. DOI: 10.16711/j.1001 -7100.2015.02. 008.

LI81XRE, JHEER., T, 5. MR W70 % 0 8 SR

Mot T]. FHisER, 2014, 35(3): 254 - 261. DOI. 10.
3873/j. issn. 1000 - 1328.2014.03.002.
LIU Zhan, LI Yanzhong, WANG Lei, et al. Progress of study on
longterm in-orbit pressure management technique for cryogenic
propellant[ J]. Journal of Astronautics, 2014, 35(3) . 254 - 261.
DOI: 10.3873/j. issn. 1000 —1328.2014. 03. 002.

(9] 55, TS, T8, & KRB RSO 2 R g

ST SYERENTIE ()], RIE 58S, 2014, 42(7): 10 - 15.
DOI. 10.16711/j.1001 —7100.2014.07.006.
MA Yuan, LI Yanzhong, WANG Lei, et al. Optimized analysis and
performance study on thermodynamic vent system in cryogenic fuel
tank [J]. Cryogenics & Superconductivity, 2014, 42 (7). 10 -
15. DOI. 10.16711/j. 1001 —7100.2014.07.006.

[20] LIU Z, LI Y, ZHOU K. Thermal analysis of double-pipe heat
exchanger in thermodynamic ventsystem [ J ]. Energy Conversion
and Management, 2016, 126. 837 - 849. DOI. 10. 1016/j.
enconman. 2016. 08. 065.

(20 JRRA, SR, ERFE, 2. TVS R GRS i B E R

5[], IRIRS5#E S, 2015, 43(5): 4 - 6. DOI: 10.16711/
j. 1001 —7100.2016. 08. 003.
ZHOU Zhenjun, LEI Gang, WANG Tianxiang, et al. Investigation on
Joule-Thomson effect of the cryogenic propellants in thermodynamic
vent system[ J ]. Cryogenics & Superconductivity, 2015, 43(5); 4 -
6. DOI: 10.16711/j.1001 -7100.2016. 08.003.

[22]7F#ME, #oktE, R, 55 WMEMA RN FHIR G ER K

PRARELT]. AL T2%4)], 2016, 67(S2): 20 - 25. DOI; 10.
11949/j. issn. 0438 — 1157.20161347.
WANG Bin, HUANG Yonghua, WU Jingyi, et al. Modeling and
pressure control characteristics of thermodynamic venting system in a
liquid hydrogen storage tank[ J]. Journal of Chemical Industry and
Engineering, 2016, 67(S2): 20 - 25. DOI. 10. 11949/]. issn.
0438 —1157.20161347.

(231 BRiEl, 2508, PGS, A% AR T 5 R X A 30 0y 2 Ut

PSRRI T]. RWEsgiE R, 2017, 51(7) - 8 - 15.
DOI: 10.16183/j. cnki. jsjtu. 2017. 08. 008.
CHEN Zhongcan, LI Peng, SUN Peijie, et al. Simulation of a
thermodynamic vent system working at room temperature and its
preliminary pressurization testing[ J ]. Journal of Shanghai Jiao Tong
University, 2017, 51(7) . 8 - 15. DOI. 10. 16183/j. cnki. jsjtu.
2017.08. 008.

[24 JBREAN, KA, TEH, & PAFTXT R14LD 2R S
FU TR S HE R iR [ D). LT 2241, 2016, 67(10) -
4047 - 4054. DOI: 10. 11949/j. issn. 0438 —1157.20160613.
CHEN Zhongcan, HUANG Yonghua, WANG Bin, et al. Effect on
self-pressurization characteristics and mass loss of thermodynamic
vent system for refrigeration R141b by heat load [ J]. Journal of
Chemical industry and Engineering, 2016, 67 (10). 4047 -
4054. DOI: 10.11949/j. issn. 0438 —1157.20160613.

(mE 1 #)



