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Thrust Generation Mechanism of Propulsion Systems Making Use of the
Solar Wind

Hiroyuki NISHIDA®, Hiroyuki OGAWA**, Tkkoh FUNAKI** and Yoshifumi INATANI**

Abstract : For the last few years, several deep space propulsion systems making use of the energy
of the solar wind have been proposed and researched. Thrust production mechanisms of these
propulsion systems, however, have not been understood well, hence they are now intensively
studied in the United State and in Japan. In this paper, the thrust characteristics of the Magnetic
Sail, which is considered as one of the simplest system in these propulsion systems, are
quantitatively obtained by numerical simulations, which successfully revealed the momentum
transferring process from the solar wind to the coil of the Magnetic Sail. Also, other propulsion
systems making use of the solar wind are introduced in comparison with the Magnetic Sail, so as

to reveal the unknown physics and the applicability to deep space missions.
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1. @&

KIS ZIMEER R X 512 F DIMADIERNOEFHEEIH L 2> 27 4 LT, KIBROESE (Eh) %
FHLUZHEEY 272080 D BEXh, FEBTHNI T\ 5. Magnetic Sail [ 9] , Mini-Magnetospheric
Plasma Propulsion (M2P2) [ 8] , The Plasma Magnet [ 5], Electrostatic Solar Wind Propulsion System [ 2] 7
ENREHTHB. = Z TElectrostatic Solar Wind Propulsion Systemid, FHBEZ SBEICHFEI R 5 THL S
BRI LD KBANFOMBE LB ZORRATHET S, ZOHEY 2T L3RIy TIrkares

NTHOHEEM LM TH S, —7F, Magnetic Sail, M2 P2, The Plasma Magnet’s & {Z—#%!ZElectromagnetic
Sail (EM Sail) [6] &FRiEh, THECEMIZERL BB ABROEHE (E7) 22010 EE
T3, ZNFROY AT LOE T, MBRHGHEICES. LrLass InsDEM Sal DA T 1+ 2L
BHLERNIZNTHBIIL - TED, TOFFMIILSAS N TR,

AFETIE, EM Salldd b & e ¥ v PR 4 b (Magnetic Sail) OHETIFE A H = X & & HERFHEIZ DOV
T3, F7, WREALOREEELEA D ZOMOKERARMALZHEY 27 21200THRITL, Ih
V2T LDOWNFREFEE L MERTESHT .

2. Magnetic Sail

Wt 1L (Magnetic Sail) 13 Zubrin B2k > TRIUNER IRV V7L BEM SailTh 5 [ 9], T
DORFEFEICERE I NERLBEEIA VCEREZHRL, KBROENZZITIEDBDIZHHE@S %%o?’:ﬁ?“/{

K- LB A AEHICEMTS (Fig 1 2. BRI, PEEPELES 303 5#IEE310E
B kP EOBEEI A L ERWIRERH D L REE oh, FHIT S ifﬁ%ﬁ'\]“(“&ﬁ&%ﬁ%ﬂ“(“é.
L Ly, EBIES VY TARY AT LATHY, TOBK LA NDETIA =X L5ECTHI L, 20
O X VERNE (FPEMEL AT TH5) EMSalO#EI A W= XL 58BT3 LTEELILTHS. T

Meb Fobe BT L ) A LA ST )

ZTRAGWR LA LD 2 7 = X ok, BREGHATIF (MHD) IZEDOWBERIC L OREEL 72, S0l
Re A NOMAIET B HEERE (ETIRy PL, PA2) EDGTERNST- 72
Super conductmg co;l Payload

§ e Several hundreds kilometers————————»

Fig.l BEE4JL (Magnetic Sail) .

2.1. BT

TEAERICEERIEZEE 2 BRA L E L7z 1 A EMRA AR Hy, BiEfE e UT2M 2 0T
¥ 3 2 b —¥ g VIZIEFlux-Corrected Transportih [3] #, R 3XICY I 2 b — ¥ 3 VITid 8 -wave formulation
[6] %3/ L 72TVD Lax-Friedrich#: [ 1] #Fv7-. TVD Lax-FriedrichiE D B IEE (LIZIEMUSCLEE # v,
HUFREEEZIZMINMOD Limiter % U 7=,
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22. EIEEFIRUEERH

YIab—¥avid, BHIRTRUEMIXTICEVWTTS. FR2ATEYIab—YaVIicBOWTREFS
RO FEM A EH L, B I LT R A AN IS E RN 2 RIS 0 2 Ko EE A
WREL, Bt/ L EBETS. —F, FH3XTY I ab -y a VIO THEABRO EEmEERL
BURIC T 400 (REH) 2RET 5. KEBEEFHERRGI & ) —FOBRE» 5% LIk, Tk k2 £ it
Fafrd. BRICE3WBOVIHEEE LT, BIBOMOERTIZ—EFE ) - —EAlfven HE DT X+T, 5
VI TEEIE N - —RBEO T T ATl Lz, BREEE LT, ABEGEASR I B TRABRD
8T A= ZTHEFEL, TAUNOERICRHREEEES 2, $2a 40 EHRMNOBERIEI 4 L - BgH 5 —
EFHMEN OB 2 BET 5 Z 12k 5 A2, #8599 2 — % £Table 1 1274, T Z TAttack angle (1) i3
ARG EE IL LHEOBOMETERT S, =70, ZITRERTNEIST A — 2 iFTNTERTTE
THd. MREOEYD, RERRLo=a L4, REBREE Bo=2X10"% [T], REEE po=1.67 X
1077 (kg/m’] 0 3 D% MHEMERTEAL 85 4 — 5 & LC, REW vO =Bo/(gopo) 1/2=436.2 [km/sec],
REET po=pv?=3.18 X 107" [Pa], K&E®EH Jo=Bo/polo=2.5X 107" [A/m?] #EELTED,
pold BN TOBWETH S, T4 NEEOH A X4 ED-ERTRIIOVTERIZESR TS,

Table.l MATEENSA—% (£FEL. () ARHET2HATE) .

Solar Wind velocity 0.917 (400km/sec)

Solar Wind pressure | 8.7X10? (20eV)

Solar Wind density | 5.0 (5miX10°%kg/m®)

Coil Current BHROE D 12X10% | 3%t 1 9.6x107
Attack angles 0~90 degrees

23. WEEIILOHHAHZXL

KB & B35 BRI D IR ) LD 2 r — LT THE L & 5 B, S 4 L 0 O ¥t i Bk & B
DOTMNBIZ L BAEDIZE S, Figure2 Dy 3 2 b —2 g YEERD S, St LEEIC 3REONERTH
B RS AT & A, KRR R S R D A S B B SR IS A £ W2 & A2 5 RS FiSiE
Bow shock 2 TERL & fu, KBGO #4103 Bow shockiz & 0 [ - vih X MBS R E FIcED S %4 5 .

—— Magnetic field li
il

Fig.2 HSRtAILEAYORAE (PR3 RATIIaL—2ay) .
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s A LS KREBROERE (1)) 4, HEOBESEN LB EERNC X2 #4535,
ZDTO L AGRBAET B8, 773X~ - BHTHPICEEh2 hoRL0ED ((BHKEEN) 2iErDHl-. thb
b, KEERAEE? 62T 51 (KEROEBRZN (F1), BKAE ERE EOKBREHL D25 H
(F2), a4 LVERPFEEH 5% SLorentzh) (F3) O3 20O N&HEL 2, F1LEFHEEMANCHKA « W
2 KEBROSEBRAFT T3 LIk -7, F2IRRAEBERE 4% L 7 OBRE EOE 536 % o
BZLiC&koT, FIFEHEMERAICRN A2 2FEBRRE I 4 0L & ORIZH < Lorentz N &S5 Z L2 X il
L7, Fig 3Bl 2RIy 32— a3 VICKDEELUAFL,F2,F3 &4 LOHEFA (Coil tilt angle) @
BfR AR,

Fig. 3L 0, 3D00ONMHEREOHEAT R LTHDA-THBZEHHEETES. DEroBREI LG
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Fig3 320A0152 2,

KIBM O BSR4, FBEERE 0 LizLorentzJIZ S DR OH#H LT 22 &4a3bhd, 20, KBRE T
A ETRIGEOE PSR AL L CHSEBE AR L, MEAEE2ERT S & THhs3HEER LBz
A NP OB E ORIZME < Lorentz AR £ 4 L% X 25 (Fig.4).

Induced current loop |3

el 4

Figd MRt VO#HNA DXL (BEEFGE).
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2.4. BRI OHERM

EHBRILY I 2L =2z itk MALALOBBMIRY P, VLo OERLAT %, HS1xs b
e, Ps ORISR A L AKX LT & & & & 55010 (Attack angle) % & o BAICH L THY, W
AL DOBRIZOWTH R, Fig. 510 EHS), Steering angle (S AEgnf) OBG4E 5 7 o5+, 22
TSteering angle & AR 51004 & OS2 P LOMERATH O, HEIISARREIE 1233 2 #8HRKCd
TRLTHD. EHHRE 23RS 2RO REmANIE, WA 0° OBEIZH 1T 5 Shock stand off distance % F{F & L
MR A E 5T 5,

Figure. 5705, J0If1 90° OBEHRENENR L, BABEORE ICHLTHS5. 0 0ENBEAEORBZ L
W s, LLEOUREBIICRICIRET 2L, T4 LEES20kmD & 22 INOHIAB SR BB TS,
DANIHSRRE SKAICE S, £, PAIORHIOEBRLA LIARLEN 4> TWBZ Eiibh ok
[4].

AV Iab—va iz T a4 LR E 20 kmiZERGREE AR IO L E L6 MB EN FOEANDY A X
ThHD, ZhEUTOHA ZADEDIEDNTOMMIZEN K k37 Fa—F Bl k5,

3. Mini-Magnetospheric Plasma Propulsion (M2P2)

B A LIS, FRIES 2 DEREMEMHBETH B L VWIMEAS 5. ORI AMIET 3201z
Winglee 5 (2 &k - TH LOBBRETESER SN [ 7], ZOFRIFHE» 6075 X202 FIHT 5 &0
IEDTHS, NIRRT T XY HICHS L CRENAWEY S 5, FHMORBECREESBEL, 22127
A EWH Y5 &, PHBDEHEOERGEA T 9 X WIS L 7 7 X R e ism < IEiEh S RO RE
PIAHIICIRE & hd) Z&ikd, ZORBRBHAEEMAVAZLICLD, WHT 5 2070 OHEER L LT
ERDEDORMBLREME BELET, KDBHENESZATFAICES, ZOF B AVIHEY 27 L%
M2P2 (Mini-Magnetospheric Plasma Propulsion) U < (3% 7 7 X v & 4 L (Magneto Plasma Sail) &5 (Fig
LB
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Plasma injection Magnetic field inflation

Spacecraft

Fig.6 ST 5 X<+ 1)l (Magneto Plasma Sail).

WER 77274 LB THE» DT 7 Z2BHIC X SHIBEMNE WO BRISN T O 22 EATHDE78,
HENRERA =X LBHAEANDOEO LD LEHTH 5, FHMHEIGMBAER U2 Z S0k 0 iinig
WA NS (FVRA D &7 7 X EHHIRAE U223 O BB I & D SR h3), B Lofs,
AR OES S ER AW EOFEERE LT, BAEMICHREA LSO a4 LEBEIZITIED S Z &I
EDIhAENEED, LAL, BR7TI7AYEALEESD 24 VBT TE L BEOBS 7 2~ hizin
NOFEBRTERITIED DI I LItk EI6h53. BRLAEELS XA TOAEHE TS 2w FHlE &I
(BRESKANC) B R T VRS, KBEOEDEZY LD 75 X v O RHKERE FAKEHEh,
W77 A7 LA NOVEIFLIETTA2WHENS S, MR 7T I AV ALOREBET I hL T
VSIS L DR E R 51013, MHT I X ABTRENIC T 9 T 5K 5T X EH RSB
HEELZLEND,

4, The Plasma Magnet

¥L4f-, Washington K@ Slough 512 & - THEE X h 728 L WE P 54 v 3 EM Sail A% The Plasma
MagnetTd 5 [5]. ZDHEMED 2 7 213z 4 4 K —Jb (RMF : Rotating Magnetic Field) % FH T 12 #i
s Z 4 5. Fig. 7Iomd L3 H7c@ Uz 2o a4 Lzl 90° F56 LiiEisms 2 & oh
B 5 44 R—NEBKT S,
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Fig.7 The Plasma magnet [5].
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TIATHZBNTHL A K- ENRX T 5L, BOBTHEES 4 - LI b5 v 73 CHEEL |
77 X HUCIRBH NS, ZOT 5 X B OBERALE LIz 4 4 K — LR (Steady dipole field) % k45 .
MR 4 R =S T 7 A7 HOBFARMICH S > TET A X ThE 2T OMRORIBRENLETH S, X5
12, 79 AV EHiIEE S Dhoop force 12k » THMZEL > TR L, ZhEEBICREL LA F— LR A
ELEHENBZLITED (Fig.8). 79 XAVOMRINMIOKBETEN EHVAS L TIEES., 2OV 25T
ADFRUE, KRB AREMEBEL LAVWI L, AT 7 X724 L ERU L HBABIOY A X HAIBR E O
NOHNENTRE D DN KGD 6 OFBHCHRF L AW &, HEREDEE LAWZ 22 E8% T 5h
5. Fz, ZOWHREOT 7 XvERER 70 2A0OWEAEMZ LB XA TR, EROFE L Tl
TIhhTOWBZ L TH S,

Fig.8 [EiE4 1 X =)L (RMF) IZ & 258 ERHEIE [5].

REAEXAS, CWTRABROENELASBZLICAkE 75 XvERE (HiEsy 4 £—Lic kLR 2 h
TIXR)ICBRELDPTHRAMCMb S ZLEICED, T XTBEOARNENEL A F— L LD DX TR
K E S N B HEVEA D 5. The Plasma Magnet AN HE N A F64E4 51212, KBRS S6DIEHE, Fhi %
ATVWBET I AVHERENT LT, BRRMICFEEO 2HO T4 LBRTRIEZBENRSE, 20EBICETIT X
VERA RS S A KA P Ty TR, B ICHER LI AR B S, ST S U 7= S & Ik U 2=
HERRAT BT H 5 9 .

5. Electrostatic Solar Wind Propulsion System

TSN KO KEBIR D Fid & R - X B4 &8 3EM Sail & vy, EHIZ L 0 KBROFIH 4B X 420
%*Alexander BolonkiniZ & O ##% & #17zElectrostatic Solar Wind Propulsion SystemT& % [ 2], ZHhiddEiice o
TNEHEEFIED L A7 5T, BMBHEOM L E T - =T M A SEIEICSE X85 2 L TABRR O 4
=S DHELEEHEN 485 (KRR T LD — oy HRIZE0ENAES), BHikd—10miZE0
LOOMV/miZm®BE L A2 R — L& ES Z L A TENIEENOWN 222 L8 0%, KEMBEETT0H, ARiE
*TIS50H, hEHEFC250 ATMITTCESLRME 6N [2].

CDVAT LEFEBTH0I0E, FHEL2REEICHE X 8 2 Hili0 A B RK 7 2 T HMEIC 2 LS
BEBBLTLEIOREIT S LREEIBEE LB,
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6. £

AT, BEEIC & 0 KBEEOEEIE % 5217 HE T % Flectromagnetic Sail DA, |mE YV ITLEV I T ATH
AWELANOKEBRIICLDHEE N koA B S XA LHEEREIZ DV TN, ZOMOBEANE SN
TWBKBRAFE L MY 27 2QFHIZOWNTRIT &7 5 72,
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