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Flow Field and Effects of SFg Released in Ionosphere

XIE Shouzhi ZHAO Haisheng XUE Kun XU Zhengwen

(National Key Laboratory of Electromagnetic Environment, China Research Institute of

Radiowave Propagation, Qingdao 266107)

Abstract The initial velocity and mass flow rate of sulfur hexafluoride (SFg) released in the iono-
sphere are key factors for the release effects research. They are not involved in traditional simulation
models. In order to realize high precision simulation, the flow field in the storage vessel during SFg
release is studied. According to the structural size of the SFg storage vessel, the geometric mod-
el is established, and the grid model uses structured grid and unstructured grid to discretize the
computational area of the geometric model. Using the standard k-¢ model and SIMPLE algorithm
in the professional software Fluent, the temperature, pressure, velocity of flow and mass flow rate
in the storage vessel during SF¢ ionosphere release are simulated under different initial conditions,
including initial temperature, pressure and filling mass. The flow field simulation results are taken as
initial parameters in the three-dimensional refined model of SFg ionosphere release, and the refined
effects of SFg ionosphere release are obtained.
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2018-09-17 YH| JEFH, 2019-03-03 W FNE & Fs
E-mail: xsz22s@163.com



624
0 55

MR RATER R B iy f T, HOXT TR %
BEAEERW . BER Y RREUR A Lk
THERHENTFERZ— P HBIERBCR, k¥
VIR AT AW — ISR T BRI R, ldn
., EERSRIET A IR TR YR,
WZSTALHL (SFe). ~RALBRSE PR T

e B — 2 () FERE BN SF TR ZRAR o, i
BT TR R SR ] S R A TERET
e, ZFEREE . R B R AR K AR SE R
Wi, SFe BOMREE. HEIR. WHE KR ESEIFAME. X
SR RIS X RERG R B R R A . R
¥ SFo PRRYERAL AR, TERBORAR I L 3T IF Bk,
BERCIE MR T AR T REmE . ZEBEIEA
T B = AERFRIPRENE EE5ER
KA L.

TR W 3 BE S S RO, TESR AR K
Yy BoT RS R, IR A RE T A R S TR
AR, T2 A AR RIRIGAOLE B a] S A B
AIRTEZS B AT E] L B 0. 2580y SFe BN
BFFE B8 FR%IE SFe Rl R iX S K2R
AL, SUR PR SR R AR AR AL, AT TCA 3RAT 5 A e
Y L SR A D LA AR

AR CHEIL S SFe Ay JUARLALA R A% A A,
AIFRRHE k-e #LALA SIMPLE 5035, ARYFRE A 2] A
FIRIRIAS1F GREE . EoR, 7% ESS), 12/ Flu-
ent BAEXTZEAR A IR HEATRUE I, B SFe B
oS FE AR N TR | T SR B S AR UL, 3R
Mg ALK SFe WAEMIERLL, HHFX SR
NHER SFe B =43 1A O o 3151753
FAREHIEY SFe HB R RHOSY B4R

1 SF¢ 2 W BRI

1.1 s E&ER

F)F Fluent FACFEHR 4 Gambit, Xt SFg 2458
JUfrT AR X A AR A T A, SR I 5 AL AR T
SERAL AR A A TR XA T B AL B, 4
Bl 1 F7s.

SFe MBEAGE R Z TS 2, M3 v A3

Chin. J. Space Sci. FR#AFFIHR 2019, 39(5)

T PRI, 5 BLR 28 Y BT 0 B R P AR RS B
—AR A AR AL EE. TR AR HE ke BEAY, 1%
BRI BB E MRS, KU, EEH
UEEEER . A ko LRI RHE 7RI T

d(pk)  O(pku;) O i\ Ok
ot or; O [(,u—i— ak>8xj}+
Gr + Gy — pe — Yu + Sk, (1)
d(pe) | Olpewi) _ 8 Hi\ e
ot oz oa ( ae)axjh

2
e g
Cle%(Gk + CBsGb) - 025/)? + S.. (2)

Hep: k HinshRg; ¢ Minsi#EHeE; G I T H#EH
BESIREIGEIRE k BT Gy R I15 R i 3l
AE & BYFAET Ya ORI A K 35K i BT
Cie, Coc B Csc HERHEL, Crc i Coc —fBHUE
K 1.44 J 1.92, FRIT IS E I 1AEATES Cae B
BHR 1, ERF M ESESFIEER Cs BUEH 0; ok
Moo AN HiHIRE & MIFEHCE ¢ XHE Prandtl
B, —MEBUE 1.0 A1 1.3; Sp A1 S. & H P e R TR
o U017 AR A 9 SIMPLE Skt AR #
MG HLT KA
1.2 ¥NEREFNFREG

Bl 1 g T 7 B EARRBEE TR SFe. W46
ARZSE, AR IR AW — & B iL . R SRS Ay SF,
BRI 1 AN R FE B R PR EL A B, BUE R
WITR 55 T3 1. " LMARIE SRR A R I 2% 3C
Bk [11]~[13] BisE SFe WREE. W 1AL R S (R
KRS .
1.3 {FE&RMMF

EXtR 1 AR WG, FIF Fluent {4

F 1 HEENDGEYS
Table 1 Initial conditions of the

numerical simulation

/K Ji5%/MPa JFHt/kg
319.15 6 30
323.15 7 30
327.15 8 30
331.15 9 30




WFE S L8 B PR R RIS AL

Bl 1 SFe 2% ARl pAS Rl 4
Fig.1 Element mesh of SFs

storage vessel 3D model

8
7
£ 6
Z st
8 37
Ay o
1,
0 05 10 15 20 25 30
Time/s

4 SFe¢ At 72 A A Al

Fig.4 Pressure inside the vessel from 0s to3s

Xf SF¢ e BUd 2 i iy NI 2L #4705 5 11
H. LIWIAG SR 8MPa, FIGGRE 327.15K &K
B, B 2 25 TR EAREIR 0.1s B2 2528 PN IR iR
B AT B 2 FTRUE S, IR AR A EER D
MR 8 MPa FR&EF| 5.6 MPa. it Eid #&rh, B4
B AR ST 6 B AR T WS N, Ay Y 86
BEAK. [FIFE, 2525 NIRRT B B A B AL T A
M, &l 3 BR.

Bl 42451 T SFe Ay Mt R, 2585 s
B RAEAB L. & 4 FTLAE H, By A A N
TR TR B, b5 B S, & 1.5 B R
B FFEE 0.1MPa DLT, BT AT IAH A% N SFe
B2

X SFe B 2 Hp 2845 0% 11 A g i B 1A
WHAT TR, MRS RTUUE S, B0k
W R KBRS T 84ms~", 1E 0.2s Ri¥EE:
TE 80m-s~t DAL, Wl J5 23T I 2%, an & 5 B R, BE I

B2 0.1s BA#HAHER A
Fig.2 Pressure distribution inside

the vessel at 0.1s

625

Pressure / MPa Temperature /K

B3 0.1s WA AMREN
Fig.3 Temperature distribution

inside the vessel at 0.1s

84
821
80
78}
76
74+
72

70
68
0

Velocity / (m-s™)

10 15 20 25 30

Time/s

5 SFe BRI T A i T 1 s
Fig.5 Velocity in the nozzle from 0s to 3s

0.5

140
120}
‘Z)n 100
< 80}
g
2 60}
v
2 40!
p=
20}
0 05 10 15 20 25 30
Time/s

Bl 6 SFs BRGtBHm OiE

Fig.6 Mass flow in the nozzle from 0s to 3s

W E R TR S 140ke-s~", BEBCHIEAG & T Pk
FEARR, 0.4 B &E[#F] 40kgs™ AT, BiJE T &
PIG, 9 1.5s BRI R CEET 0, W AT LA H 25 4%
WHERHT SFe A8 BB, Wl 6 Frm.

xR 1 HARWILG T SFe BRI FE A i
I B B R T LA, ARG &4 T, A4
W 11 37 S it o TR AR AR an 8] 7 R I 7 RTRAE



626

BRI BEAN B SRER, WE R, R AR B
SRR, R AR L. (& 8 4 i T AR i i
RERT ] A4, HIE] 8 FTLA HH, 0af B S i B
. BRI ARERR, FFE TR X506
BN R, R R R . U, A
PR SFe A04f HR 5 SR BEB R, BEBca B R, A
MT SFe HIREAL.

2 SFe HLEEBICIY

He4in SFe HLE RO BT TR % 18 SFe B
BHIRIAEARTS, BTG T SFe BT A 2 X
EEMESRL NILO5 H A RAR AR, 78 SFe B
R0 L 2R A b, X BDRE SFe RERGE R miH
VLR SR BB A R AE ISR, A SFe B
BRSO B 5T FP AT O T, AT AS 2 S A
HiHy SFe BT E SR
2.1 FEE%

1E SFe FLBSRAN (7 HATAR g 2Rl 1, Kf SFo

95 '
--6MPa
9071 - 7MPa
ﬁsﬂ g5t —8MPa |
E
Z 750
g
s 70
>
651
5% 05 10 15 20 25 30
Time/s
B 7 ARAIEES AR O R
Fig.7 Velocity in the nozzle at different
initial conditions
150 -
—---6MPa
—~ ----7MPa
oy IMP:
< 90} 2
g
= 60 3\
g I \\‘
0 05 10 15 20 25 30

Time/s

B 8 AR T AR O E
Fig.8 Mass flow in the nozzle at different

initial conditions

Chin. J. Space Sci. FR#AFFIHR 2019, 39(5)

ZAR T (5 AT B W B 1 ST A A W) 4
S8, FFRBUEEFR. (HESEORES T 2,
L AR 10 I M 1 I B R TERI 4G FESR 8 MPa, 4]
HIRFE 327.15 K M4 TE g EAR 2.
2.2 {HEZR

KB EE SFe B =4e3h 2Rl O DUk
dermchy o B, BV y B BE B 2 g
EEOLTH B AR R, 7 EAE 300 km 15 BB AL 30 kg
SFe 7= A 1 B B 2 = 4 3h 254 (i st 25 AL T A

Bl 9251 T 30kg iy SF 7E 300 km 55 BERA™
AR LY 2 rE. FTRAE, TR
¥, TR B B, B S TR R Y B
R T 2SR BAUE 30s TR B T 5 B 2SR

®2 XEMESK

Table 2 Simulation parameters

23 e CRIE)
Rt a] 2015-09-30 18:00 LT
BhiE (19.3°N, 109.8°E)
BER = B /km 300
B SF
ReilcE ke 30
BERL 5/ MPa 8
RBeR /K 327.15
W 11 32 RN
e 1 i RN
500
4501
4001
E 350t
;é 300 = 205 6 i& D
= 250t
200+
150

100
0

. - (x10%)
Electron density / cm™
K9 30kg SFs 7E 300 km &= ERER=HER
WL B PUBIUY 2 1
Fig.9 Temporally serial z slices of the electron density
after 30 kg SFg releasing at 300 km



WFE S L8 B PR R RIS AL

500

627

Electron
20s  density/cm™

500

6s 10s
400
300
200
100

(x10%)
5.5

5.0

4.5

60s F44.0

Altitude / km

500

400 BES
300 130
200 L1os
100

£42.0

-200 200 -200

100s 120s
1.5
400
300 1.0
200 0.5
100

200 -200

Horizontal distance / km

B 10 30kg SFe 1E 300 km = BERERC™ A2 i o T4 BESL BT w2 J7 1) T
Fig. 10 Temporally serial xz slices of the electron density evolution after 30 kg SFg releasing at 300 km

TR BRI, BT B EREASIA 100%, KEE i IR] A3 N
BB R W e KRS R EE B 8, WBEBUS 65
Hy 100% TREEIRRUE 120s By 96%. [FET, B2
LR EHIT BB TREE, NBRZ M
£ 300 km Z¥T T FEARAUS 120 B2y 280 km.
10 451 T 30kg SFe 7E 300 km & BRI A=
T HERIUT vz FFmYIE. HE 10 FTE L,
TE SFe BEAWIHA, BB 2803 T S B Bk ik; bl
JE ARG X B B s R v 2 i B, BT
WriES 77 1) B E R TR i B BAE = X, R E)
YRGS SEARTE BN BRAR, Bl 5 Righ 2 L B K.
Bl 11 4517 30kg SFe 7E 300km & BERE K
M =R TR E S, HE 11 AL,
TE SFe BEAUG 2 6s B, PHAE B R B X R L
R 20km, BEJEHEEh R BB K, TS % i BR
PREGAS Jp BRI, %05 ELA5 R SR — 2

3 4k

fR4iH) SFe B EREUSUN AR R %R SFe
RO R s S S 2R, SO R T

A, X B B R A —E R R, A 30T
J&T SFe BArREI A i, MIERARN GRS T
JUAAT AR Je AR AL, SR AR HE K-e BEEY, FIA] Flu-
ent XFFIBI 46 R LR ER) SFe BEBOS AR
PIERH LG T T B, 52 T RGP R HY
FEaR . ELBE . W B i B SR O, Xof s
1 B S L1 A AT T X H AT, RN SFg
H B R RO (5 LR AT B, A3 T SR
Hy SFe HEBERBON TSR FRGREMT
HER UG X R 8OR Bt AT i 0 I 5% v B A .

SE

[1] KELLEY M C. The Earth’s ionosphere: plasma phy-
sics and electrodynamics [M]. San Diego: Academic Press,
2009

[2] HUANG Wengeng, GU Shifen. Ionospheric disturbances
produced by artificially chemical releases[J]. Chin. J.
Space Sci., 2005, 25(4): 254-258

[3] BERNHARDT P A. Chemistry and dynamics of SFg in-
jections into the F region[J]. J. Geophys. Res., 1984,
89:3929-3937

[4] BERNHARDT P A. High-altitude gas release: transition

from collisionless flow to diffusive flow in a nonuniform



628

[5

6

8

Chin. J. Space Sci. FR#AFFIHR 2019, 39(5)
2 6s 10s 20s
350 : ' 350, ; 350 ’
£ 300 y E 300.l ‘ £ 300 .-
X ‘ IS N
2504 e 2500 250L- e
50 \\ o 50 50 \\ 5, e 50 50 T P
0 \"/-" 0 0 \Fv/‘/f- 0 \\'_-_‘—'/ 50
= _ -5 _ -
Py 30 50 >k 50 e My, 0 S50 e
eemtieey, 308 L geeeeti 40s » - 60s
350 : : 3501 3 350
£ 300 g  E o0 : £ 300/ .5
N : : N & :
250 Y, ) eI : 228" o ° 2504 --" » ik
T = 50 g L
0 s T w0
w50 -50 e Py 30 =50 e H ey, ~30 =50 (e
_ - 80s _ 100s 120s
350 : : : 350} ' 350
£ 300 £ 300f o B s
N N ; : N
2501 = 2501 e 2;()) o
50 : = 50\ - A -
e 50 T 50 50
0~ 0 —0 0 ~—9
Py 0 50 e P gy 50 50 e Py 0 50w

B 11 30kg SFe 7 300 km = SRR AL i =4 i T4 BE TR B 4514
Fig.11 Temporally serial 3D shapes of the electron density after 30 kg SF¢ releasing at 300 km

atmosphere [J]. J. Geophys. Res., 1979, 84:4341-4354
BERNHARDT P A. Plasm fluid instabilities in ionosphe-
ric hole [J]. J. Geophys. Res., 1982, 87:7539-7549
MENDILLO M, SEMETER J, NOTO J. Finite element
simulation: a computer modeling technique for studies of
chemical modification of the ionosphere [J]. Adwv.
Res., 1993, 13(10): 55-64

HU Yaogai, ZHAO Zhengyu, ZHANG Yuannong. Distur-
bance effects of some representative chemical releases in
ionosphere [J]. Acta Phys. Sin., 2010, 59(11): 8293-8303
(BIRE, BUET, fkRR. LR BIL S S5 B R RO
5% [J]. ¥R, 2010, 59(11): 8293-8303)
HUANG Yong, SHI Jiaming, YUAN Zhongcai.
sphere electron density depletion caused by chemical re-
lease [J]. Chin. J. Geophys., 2011, 54(1):1-5 (&, W&
B, B RO PR = B W A [J]. Rk
Yy, 2011, 54(1):1-5

ZHAO Haisheng, XU Zhengwen, WU Zhensen, et al.
A three-dimensional refined modeling for the effects of
SFg release in ionosphere[J]. Acta Phys. Sin., 2016,
65(20):209401 (B¥4, FIEX, RER % BWEEHE
WS TBALTR B (Y = 4e 0 ST 5T [J]. B R, 2016,

Space

Tono-

(10]

(11]

(12]

(13]

65(20): 209401)

WANG Fujun. Computational Fluid Dynamics Analysis-
CFD Software Principles and Applications [M]. Beijing:
Tsinghua University Press, 2004 (EFZE. HWHHAs %
s — CFD R{UFEESMA M]. Jbat: HERF IR,
2004)

FUNKE M, KLEINRAHM R, WAGNER W. Measure-
ment and correlation of the (p,p,T) relation of sulphur
hexafluoride (SFg). I. The homogeneous gas and liquid
region in the temperature range from 225K to 340K at
pressures up to 12MPa[J]. J. Chem. Thermodyn., 2002,
34:717-734

SCALABRIN G, BETTIO L, MARCHI P. A fundamental
equation of state for sulfur hexafluoride (SFg) in extended
equation of state format [J]. J. Phys. Chem. Ref. Data,
2007, 36(2): 617-662

GUDER C, WAGNER W. A reference equation of state
for the thermodynamic properties of sulfur hexafluoride
(SFe) for temperatures from the melting line to 625 K and
pressures up to 150 MPa[J]. J. Phys. Chem. Ref. Data,
2009, 38(1):33-94





