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COMPLEX PROCESS ANALYSIS OF THE WORKING FLUID EVACUATING IN HIGH
VACUUM

XU Kan', ZHAO Jian-fu’, NING Xian-wen', ZHENG Hong-yang'
(1. The System Institute, China Academy of Space Technology, Beijing 100094, China;
2. Key Laboratory of Microgravity, Institute of Mechanics, Chinese Academy of Sciences.
Beijing 100190, China)

Abstract: For lightening or improving reliability and security, more and more space aircrafts with short periodic mis-
sions need to evacuate the working fluid after the mission ending. Based on the two phase flow and the liquid flashing vapori-
zation theory, together with the N( C,F; ) ; flashing vaporization experiment carrying out in the pressure rapidly decreased sur-
rounding, it was analyzed in the present study that the working fluid N( C,F;); in the fluid loop evacuating in high vacuum
under 1/6g gravity and condition. The results indicated that the N( C,Fs); evacuating in the high vacuum would tempestu-
ously flash vaporization. The time of working fluid evacuating was decided by the Pressure Evacuating Stage, the Gravity As-
sisted Evacuating Stage and the Flashing Vaporization Wave Transmitting Stage, and only the second stage depended on the
gravity, the last stage time is the longest. The velocity 0.23m/s of the flashing vaporization wave transmitting was experimen-
tally measured in the plastic pipe with 9mm in diameter. It was faster than the prediction by Simdes — Moreira & Shepherd
simplified model.
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0 3| PRHEMCIRDEEL, 3 B AR DR 28 45 0P A I 2 0 2l 25

AR 22 A 5 PR S O 0L R %, 14T 55 45 R LA IR PRI 2 O A
T AN LW L, ISR F e s e e VR 2 T O P AR I U B Y 2 5 B4y A AR
ATEEYE . FERL TR HE SR TR A IR Y. Elias il Lellouche™ " X AR CA B HEAT 1 R G0

il

We#s B #8:2015-03-16
PEZ BT AROL(1983 ) 5, WImg & A, TR, 23 ] RATER P RIWTS o E-mail :ridxk@ 163. com,



140 Hos 5

55 21 555 3 )

Aili 385 DR L S 30 R A, b (P ) — 2
TR AT, e BRAEHL X A [] 2% A4 1) i P i
FIUH TG R T A 2 1) 7 e, B Rd A+ 5t T A 328
AR 2L OCI X TR SR B AR B A,
s W B 25 Sk A 25 IR AR g /) B s 5 3k 21
WA AT RE R A7 1 1 Z T, Celate™ | Fraser il Ab-
delmessih*' X giAE ' Du'® SR S0 I R W], X T
PSRN &, INZE AR K A TR S 3t T
75, AR S B AR /0N, vl A2 AT, S —TJ5
INZE RS 2o o™ 55 3 s A Bt mT D 2280 A
T, BRI, A AR e ok ¥ 50T Y T P 1 S B Bl
TR BRI Bl o XTI A% IE L H I TS A A
TOINABE TR | = EYR X LA TE A Ak A ] 3 S 3500
S s N Jey R sl 400 2% FEE S0 R S AN E I R
(BRI E Ao Xk 448 A AFASE Y ] Ak Y O 05 e AT T A

o B8 A2 A KA 1) R [ e R 6, O R S TR 5]
Je 08 T O A R T 3 A8 B8k, 70 A 2 R
=R (N(C,Fs ) y) T HEOT i i i), L HE
T T A 2B A 47 A5 TR AL

1 TRHEM S HiRE

1.1 JUfTAER

XFFAEABRERI 1/6 ¢ 7 A 1ol B R 4¢
A3 TS HE T, 3% [ 2 25 4 T LUK 3 ) i 1 4k
NE PR, B Gem 2.7 m, AR K 12,5 m, JEHK
AT E — A M A, 5 HE R I A A PR IR
0.5 mi b, 45 H R G0 MAME RS N SR AA, 1.5
HWPRALF R R . AR B R S HL R 1
FR o

x1 REEREESH

WiH {1
BN 8 mm
BEK 60 m
TR 3.9 L
MR AT 0.9 L
AR AR 0.4 L
MR RIUR K ) 0.25 MPa
T o B 40 °C
[ % e 2.7 m
B HET T 0.5 m
TR K 12.5 m
1.2 P2AER 5

A B V1 2 45 8T 9 I o o A A 2

X ], BB 1T %o R T kb B 2 g T HE R, B BE T

\ St S B, BIVHE BB T It T 0 1 20 5 P

1 TR St . HEOR T RS E K Ab

FINFORAS LB E £ 09 FE J 3658 F TR R

FEo BB T S5 P B, S B2 5 P 38 v A T

2 ‘ JUT- 54l R4S B 2R 404 HE 7 5 5 E A0 g

3 HOATS3E K T 26 40 T8 00 P e , 7533 22

_&_ T B TR ) (R 3 2 2

¥ INZE . BB TV T (37 R 30 1 5 B it 72, i

D

L A (o] g T A 20 A8 AR T
L TOURAE B 5 2. Ml ;3. HERCIR

S, TR 6 AR RO T 5 1 7 PR B ) ) s i eI
PRIt i ok B PO AR R i R Gl P i
T SRR NZE . BT EBAEMERK, 2R
= CHEFRAC T IR AL AR IR 4K 2257 kl/kg (1
4% "), 7 W 7 S ek A v ) VA R, L R O A



TR LA H RS

T HE R S AR T AR S B 141

A BBV, SRS % AR 58 P IR BT A1 HE
TR Bl 7 FUA TORAE, S I I e B 22 5 DR Y EE A
JE R, HERCHE BB 2 o 4 TUARAE B v ) A HE
TGS ST B, B R RN, B T A HE
BT JEE A A T R AT, HE LK B 2 R AR B Ve I
I, B A A T B A LASK Sl A T8 A i, BT
HETC A T RO 1 308 1w b A% 4 DN 26 00 A9 1
PR, LT R JE O BB T IV RV 347 DR 70

—

e

I 11 HL 1V | 4
0 4 t A t Fisf i)

B2 A o] i e s T

1.2.1 Mgt T AME 8B T R HE3

KA A — E BRI 46 T, 1B BE AT FR
JE T HERC B E 1/6 ¢ A KM, L EGER
B PG /N T M g A RIS T 0 T 7 AR Y TR 22
SRR DL AT o A BRI B I S
IS, 1% Hud % DCE BUF BT . WA Y 3R 2)
Fe22 M AMEAR IR T SHEC ) E AR ARSI
Z 75 R AMEAR TR HE G R HE R A A,
VU T T (B 3 FE 2 55 T R L T A BT

AP, =P -P, (1) :APf (1)
2 K L
AP/=%(1+K,J+f-7“g) (2)
64/Re Re < 2100
= R = d/
/ {0. 3164/Re”*  Re > 21007 PUrK

(3)
(BB A M PR AN 472 Ak O 4 PR 7, BE A I
PR T A HER , A P T AR R &

_ Vo V7
P = PO(VO +AV) (4)
Hop SR PIEE y = 14 EBUE AT RIR N
AV = [} %dzu(T)dT (5)

1.2.2 BB IV & /1 5 Bh HEZ0BL

PR B TS A HE AR T 7 T Al Bl iR g
LI RV B R TR 21% , TR AR g% P ) 4
W O R T AL EREIR S A B B 5 183 H
3 JIT 7 A R R A JEE AN, 5 LA A B A )R

PRI L, TOUPRAS, e o ) AR B AR 25 A
PRI, B 1 A RS A TS0, THUARAS % o A A
Tt e A ORI A AR N 7% . AT LB
ORI i DR RIS T HE T 5 | A ) 28 8 s o T R ik
PIEGIERINZR, TN 287 A 1 R 28 PO AR e
T HERE TP E] AR AP, ol OO A i P
INZRIE ISR AT T 2 T AR Gl S BT X Bz ) £ A
T30 AT THARAE e AR AT 5 HE A 1 22 8] F) 9
TB A DL AR i A R 7 A 1) A7 s o 3K 5l
4 BAAR AN T 3 3, W sh LT ok A T4 i R G i e
BEL T3 LA B SRR B A1 o B BE LI v (R AL HE I A 98 1 4
TR 19 THURTO A, 30 T AN 255 P DR 2 S e 1 fl IR L
UK 5y P 2 RV R A7 s R PR R N AR o o — D T, WA
TR AR AR R 55 ADC 1 BC B BI85
CE B¢, Bl ADCE FI BCE, 3 8™ A ) B #82 Iis vl LA
fiedn T R

APg = pogAh/6 (6)
L L
APﬂ:fll'#'%'u?lzﬁz'%'ufz (7)
K, L
AP/Z =/ Zz'%'<ull+u12>2 (8)
Ly = [o(uy +uy)dr <1, 9)

Ly =k + Ky (L -L),Gi =1,2) (10)

Hod, 30(7) Fm I A Br RS %, X (8) hy
HEMCE BEE M, — 3% 2 145 T HERCIK 3h 1R 22, R aX
(6) RN R 25, 3 (9) Fom TR B N
FEPELE A W0 BEIC B, LA 2 T DN ZR IR o
1.2.3 P88 V. R Ak A E K

Fh T A [ e A T R R 3 ol R A, & BN 36
SEH S ER R AR S, S HEOE 1k L B
= R LRl g, Tk dE R R AR R A, R
e PR BT R 7 38 2 15 S 000 1) 28 kU 1) b vt A
B N R S SR R A IR ZE B A SR IR &
MRS E RS .

3 R T 2K R, 2200 A 1 B A
HM R INZE G TR S SRR AR . B & 28 R A

B3 ZR AR AR R il A n B
LA T BG2. SR AW 53 FE A 4. TNZRI



142 Hos 5

55 21 555 3 )

T B S A e T R R T R A5 2% % Ik 1 T R
MUEAEIIHEE N U, 3 B B 17 F W48 3l 11k
BE V) AR AR R HFE s i B R V, o B ek
P 28 [ S5 7R 28 5 S T b, D 3 R A Sfe 7 A X 33k
JEW, =U+V, SEBIRARH AT EE W, =U +
|

X FE WL ] =/,

E’I—‘—r‘r

AP E B 43NN
[J] =0
[P+ JW] =0
[h+0.5W*] =0
Hordr b SR EORS T J T R
W, W,
J=—=——
v, v,
o AR A . B (1) -(12) AT 45 56 A
T

= fi, WIS 2 RRE

(11)

(12)

p =2 (13)
v

22 - FR ST 5 A

1 U

5 [P (14)

R SRR, A T 1 — A RS T R DA
TR SR X SR AR R 12Fﬁﬁ =i
SRS T AR S LSBT o TR A A 5T — A1
WP Z AL ) AP, BV AH ) A7 7E j:ibfu'ﬁ
TR 22 IRB AT 2 S 800] LR A AR S 400 i &
I 53 ok s oAb, I8 75 51 AR T B2 A A
PR

A Ty TR 2H B PAD, O T kb TR B 2 R %
Simées — Moreira & Shepherd[ 9] %5 H T — ™ Tai b 00 fit
PI7 i, A I vy = ve > > v, BEFI T R R AL
H

[A] =

R A

v, v, Vg
AR R AR R BV
Al HUARAS , B
W, =C, = /yRT, (16)
L, X (16) m 28 T MR G Y ER
TP R RZ A, AT AR 3 E R R ) 2 (R AEAE G
TRA:

=0, MiFabT )R

P,
P, = 1+ (17)
B B A BREK AR, AT
2 _ Q : — Wz ’ ~ Y i
I = (UL) - (7(1) 1 + Y v (18)

1.3 W&ERRKE

FLASINZR S & Q& 4 R, A 46 B2 HE R
P SLme i BB D e 5 OR AR A . A iR
BEER R BUAS A | BU2S W DA B 2 45 BRI B 25 BRI 4
ZH 5 S AR S L G R A 2 A R D A
ERAEMEHL N iR AR R A R A B
B B R AL B B AR AR IR W KT 4 2 A

K4 HANZATR B4R ER

L FUZ 32 3 4. 1935, RN 56. U5 S7. 0l
8. L/ W 9. FRIILT 10, BEARHL; 11 12, JE A8 113, HH5EHL

HASHEMREUR 0.8 m®, R AR 23 (] 5y L 28
W5 R 2 - 52T R IS v it B L 2R
PRI A AT 35 6 x 1077 Pa, /<% 8 L/s, S
T T 1.5 h W EASTEN I REARE] 1 Pa( 4
XTEST) o FE AR AT B4 #8602 1 P A S
eI TR, LG e 2) - 52T RUH fH B2
THRAMEI T3 0 K IN, Sk {5 F vy 38R 42 52 6 46 ik e
I REH AR AR A it AR 38 22 %% DMP331 7 HBH X
AN I E A, B FE R 0~ 10 kPa , W B[R] /N
5 ms KGEER 0.25% FS, F T RUPAHL {8 45 18 JF
3, DA DN 2 5 i SRR B R . o TR IE
SIS R AL S BRI R R A, R
HL1E 8 s 5 il i AR LR LR e sk o Bidl R
A5 K H DIT10 7 37 B4 10 S AGH AT H 8l R 48 FAE
fiti KGR R £0.05 % FS,

2 HRME

2.1 A SR
FeF L IRBA AR AR 2 ) ST BRURE T, X VR A HE ik
SRS T O B B xS S A T T
BAIE, 4 [A] [A] FRE 10~ s A1 10 7 s i, Ak B HER
[AIRI 22 A 3 x 10 s, 3 AL A Sk bk oK
XEFHB L, B 5 R T RM R R HE



TR LA H RS

TR A

WA 143

R RS HEBGHE uw AMEER TR P S
ATV ARk sh . B DR TAMERE N
0.5 L AR T A 3. 62 s PRI AT HESS P38 HE RO
N 500 L/hg FMESS N ERR AR HE R ZS AR, A
MIET12) 88 kPa , MKIRIE K T RGHEANK 6 kPa [ E
PLFERE , PR , 128 B 6 TR S0 ] L2

PSR B HE T AR it A0 T ) A2 1

X BB IV, 25 I8 B IE A SR B AR RS FR I LK
INZE & A T AL A BE AL, 51 A B kL ks e
(0.25,0.75) H k, +k, =1) RFRIF AT IE ADC HI
BC KM Z2E5 , HARBLE A5 (10) #5E ; [, 2
A (10) H B 25K B R B K, IR S U [R] i
ROV IR Le =60 m, AT MR E L, =12.5
m, HERE B L, =0.5 mo 1ZB BCHE 3R 3h
e 1/6 g H 7, M A HE I 7 oo — O T 5
TIHIBTEL

6 ‘s 1 AN i B AR Y R A A8
FEFFAES BRSO . 701 B AR BORE 0. 25~0. 75
TE A, TURRAE S MR AR (8 HE O B L A, 7 24
50 s PN THUARAS T8 P A IRIA T BT BB HE2S o B4R SC
SRR U T 2 ) e Kl 3K 3] 60% , H. A A B
R, HETCE R o

XV, B AR Y 42 9 = LM T i
ZR 77 HE 2%, RPN TN ZR A N AL g,

SN AL LA o DA 2 B B R R AR R g —
AR :

(DB TEBR=CHETZE 01, Hag<
Ry =1.29;

(2) % F 29 = S ML= K BN, 28 5 BT
JEIR 2T LAZ 0 ]I T, =T, =40 C;

(3) PR Z I 1R o A AR 5 2 — e ) 2 IR

fieise bt R R, =P, (T)) /P fEE  BUE R 1.5;
(4) 20 = O AR AL AT DA A K
R Ty BT U
ZEA LR B B 4 = e R v T
[9]:

10 === b
£ T
= ,
N4 ,
. ’
i ’
. 14/
S
£ 1/
':‘ ‘l 1111
® 7
0.1 d o Uy,
] T T T T T 1
0 10 20 30 40 50 60
i iE] /s
(a) k, =0.25
10+ - " T L
£ .
~ /’
VA R
w 14 7
{ /
E /
~ 1/
Bt !
=) T Uy
I
175 12 L Uy,
"2 T T T T T T 1
0 10 20 30 40 50 60
B El /s

(b) k, =0.50
16 i B FREAS ] B IO R A TE A HE B S 3 A2 4k

P, =P, (T)/1.5 = 23 kPa
v, = 1/p, =5.917 x 10*m’/kg
P, =10.5 kPa
v, = RT/P, = 0.31 m’/kg
AR C18) AT LAIHEA N ZE P iz sl T U =
0.12 m/s, W, =95 m/s, BVAH N i B R4 $As 0 55
TR, V, =W, BIK, #7728 R AG i B8 I AR
5, UIAF N PR A Tt st T LA A3 HE . 7E
AN JE A PEA R SR g DL T, % B 60 m 1
LR RV AR BEAE RS E N 500 s,
Simées-Moreira & Shepherd g S T+ e AR A A
AR LAR R B4 0.3~ 1.5 m/s ],
BEN GRS Rz,

(19)



144 Hzs 51K

Kt

5521 B4 3 )

2.2 RXIBEZERH,H

R R = MR TR A R 1 R 5 T
SR KA TN 75 UL S A TN 7% I TR 225 1 5 TR AR S
AR B R AR TR 2.5 mL, EH A NRAH
9. 14 mm [R¥ERHA 5, R 1T 5F K0Pt B og 4
B RE T 1015 mL 29 = IR T, 3
SRR A A TR = S R A T A TN AR S
WM.

Seagh, B ERI R4 X R )& T 15 Pa, 35
MEE 12 C K5 3 S &R R G0, AR W) 46 i
JESAEEIR BEARIT . S R IR S s A8 Ak R
Kl 6 fw , B AR 45 T LRI S 3 T (5 5
PApR7s B 18] [e] 258 o

l()()}- .
10 e

P(KPa)
~.

0 1 E '2’ llz lll
7 S I 5 ARV A 6 A HE 328 f i 2%

K7 T LA Y, SE 56 & P I 0 78 B G TR IR
HH AR ,0. 68 s J5 MR A JHAL 1. 239 kPa; BT
ST BEETE, 72 0. 79 s JK T2 4 B 4k 2. 77 kPa;
BOJR B S PR TR, BB 15 s 2 B a3
TFIRAE 2%, FEJG 22 10 s B IA) N R ) F B B 24 70
Pa. YHIBEISC P, 5290 8 N A7 IO T ff
SEINZR , AT B N s S RE T

K8 /R T AR AR LIC 5% B TN Z& 2 R i), i
RS S MO G . 7E 0. 674 s IR iR /59K 4k
FEEASSF16 , T 7E 0. 676 s B, SEE F kL [ BE i ff i
(19 ) SRR R 1) S 30 3l , JH v Sl A R A D
VR, LA A TAE 0. 680 s I T |7 # G HEARAR,
T N P 328 S 2 Lok i i B e ) R
“, FEEROAEVIR 59200 T )22 Al £
T FUC, IR 7% BT AES e B P i A R ST 1 T 1 i
Th, X BES 7 0 FLAE T A 418 Z A S 5 &
BETATA S, [ of -t 2 DR DA 000 0 SR [ B s A, A A2
DA SE A0 I () PN B TR 22 0 VAT 3, S50 Hdie

HEGEA -3k, s rINEEnR ), B8
(d) 25t T e SR AR AR BT S5 114 DA 268 08 S T 1] 8 A ]
ML o 75 0. 02 s PN PR 2 5 50 T 1] VAR A% 4 1
4.6 mm , Y B 0. 23 m/s, WAL, m iR A
PLiC T EULR R, 294 1. 03 s B 448 N A T
B ) SRR S I s I 4R

R TP BT, =T, =15 C,BiELH =
Vaii:d:0k 7/ eTIPSIF

P, =P, (T,)/1.5 = 6.8 kPa
v, = 1/p, =5.63 x 10 *m’/kg
P, =2.97 kPa
v, = RT/P, =2.15 m’/kg

A8 FTLATHE 28 R I R iz sl i U
=0.024 m/s, SWIR W EHEEE V, =91 m/s, Fl
S 4 oA 1 TN 2 T 1 9 B D) 238 8 A T A% R JE .
23 m/s AHEG, PSSR/ | AR, 38 Bk 22 57
BRI A, A T EaR AL L TP A e S SE bR
T A 25, IR & W i it 4 2, 0
B3 2 T NN A TSN B 3 B e S U 2093
BUEATRT A SLPRTE DL 73— 5 T, 75 TS S PR 3% &
G A N ZE I R fE b e i 2 SR R
R TR FFEAT

(20)

(a) 0.674 s

(¢) 0.680 s

(d) 0.750 s
Pl 8 TR e iy i Yk T T A NN 28 AL



W DA A S TR AR BT

145

3 #ig

XA N B AE L AS 1/6 ¢ BB T I T
TR T HEGS B AT 0126 70 # , 45 G AR N 25 2 A
FRPSHIE , S WA HE RS FRRRAE , 150 0800 - )
IR CIEINZERR I T T HEGE R A R B
o 2 P TE] AT DA B R 45

a) AR [ VR A TS SR 1) R R 32
FE 3 HERICBE VFE T 4 B 9K Bl HE il B R TN 25 A% 75 B
SANBY BT B HE R R] 5 b ) 2 Z% kA TR I AR ] B
R FE T HE B HE s ) J L R 2200 T R
)58 B 9K Sl HE B T s B RN AT
YRS | DN 2RI A4 B I o B B i 1 DA 2 D0k A [ 2%
F 50 P AR o 2 B T 1 2 b A R R
5 o) I LI T 4290 = 2 e [N 25 Il A4 T 24
0.23 m/s, b FH R AR T A R o

S 30k

[1]Ellias E, Lellouche GS. Two — phase critical flow[ J]. Int.
J. multiphase Flow, 1994, 20 (suppl. issue) : 91 — 186.
[2]Celata G P, Cumo M, D “AnnibaleF, et al. The influence

of non — condensible gas on two — phase critical flow[ J]. In-

ternational Journal of Multiphase Flow,1988,14(2) ;175 -
187.

[3]Fraser D W H, Abdelmessih A H. A study of the effects of
the location of flashing inception on the maximum and mini-
mum critical two — phase flow rates;Part I [ J]. Nuclear En-
gineering and Design,2002,211(1) ;1 —11.

[4]Fraser D W H, Abdelmessih A H. A study of the effects of
the location of flashing inception on the maximum and mini-
mum critical two — phase flow rates ; Part II[ J]. Nuclear En-
gineering and Design,2002,213(1) ;11 - 30.

(S TR HA , TRAE B, 5 R0 7 4% PN IR PP A I A 3 5 35 T
FE[1]. TREPIBEAA, 2007,28(21) : 173 - 176.

[6]Du W F, Li K, Wang S F, et al. Flashing liquid jets in low
— pressure environment [ J ]. Interfacial Phenomena and
Heat Transfer,2013,1(2) :173 - 180.

(713K W] R = S IR BB i T A e [T ] AIRIR
EH55,1996,(2) :63 - 65,69.

[8IASFH L. it S ey [ M. Jeat Ak Tl ik,
2005.

[9]Simdes — Moreira J R, Shepherd, ] E. Evaporation waves in
superheated dodecane [ J ]. Journal of Fluid Mechanics,
1999,382.63 - 86.

(10] 48, sk n] 355 %, 45 AIRIR T VM1 A 28 1 iy

[T, B 54K, 1995, (3) 149 - 152.

(455 164 50)

[5] Pirich R, Weir J, Leyble D, et al. Effect of radiation on the
molecular and contamination properties of silicone — based
coatings [ C ].
(LISAT) ,IEEE,2011:215 -219.

(617, MmATt. GEO TEBRFIsPulbwifi[J]. it
K EE T2 ,2008,25(6) ;526 —532.

(7 ] 198, v e, i k. BRI i 5 s W i i kE 1
SRS [T ] PUALIITE R #2740 ,2014,50(5) :33 - 36.

(8 IRXEHR, 25k, V752, 4. TR BB B — USRI B A B 4D 25
) PR 4 A g B 5 [0 ], B2 5K, 2011, 17 (4)

Applications and Technology Conference

213 -217.
(9 J# /gy, o7, R 5276, A5 R PRI 1 7 1 4 1] el - i
PEREISE (], B 51{KIE,2014,20(3) : 154 - 157.

(10 )ALk, 5k ¥ , BXT N , 55 33 25 [A] i 2568 B (A 5 13 3
JIHER ] EHA R4 ,2012,27 (11) 1197 - 1204,

(1] TS5, B0, 15 YR IR s 4 sk v i 45 ORI [ )] A0
2247 ,2002,23(3) :68 — 71.

[12] 2585, 28R &, 5. keV 5746 I Kapton/Al 1
RE R R (T]. SR 5 W 3, 2007 ,31 (1) ;
114 - 118.



