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Abstract

Desertification is a fatal environmental problem, which is caused by the movement of
sand under the wind field. Moreover, windblown sand movement is the main cause of soil
erosion and dust storms. So, the research on the characteristics of windblown sand
movement is one of the important issues concerning the windblown sand physics and the
sand control project. Based on the theoretical model of ‘particles in the coupled
wind-sand-electricity fields, the forces acting on the saltating sand particles are analyzed
and the trajectory characteristics of saltating particles and mass flux in the fluctuating wind

field are numerically simulated. The main achievements made in this paper are as follows:

1. Through numerical sirﬁulation of the saltation in the coupled wind-sand-electricity
fields under the steady wind field, this paper analyzes the forces acting on saltating
particles. Furthermore, the laws of above forces varying with the initial angular velocity,
lift-off velocity, friction wind velocity and the diameter of the particles are discussed. The
results show that, in sequence of the intensity of effect on the motion of saltating particle,
they are aerodynamic drag, gravity, electrostatic force, Magnus force and Saffman force
from strong to weak in order. The aerodynamic drag force is generally greater than the
gravity, and even several times as much as the gravity. The electrostatic force is more than
20% of gravity. The Magnus force is about 10%-70% of the gravity. The Saffman force is
much less which only accounts for less than 10% of the gravity.

2. Comparing the fluctuating wind field described by Langevin equation with the
experimental data, it is verified that it is feasible to describe fluctuating wind field using
Langevin equatibn. Then the trajectory characteristics of saltating particles in fluctuating
wind field are studied. The results show that the fluctuating wind velocity has significant
effect on the trajectories of saltating particles. When the particles’ diameters are large, the
trajectories of saltating particles take on smooth parabola; but as the particles’ diameters
decrease, the trajectories of saltating particles become irregular gradually. Using the
saltation model of coupled interaction between sand movement and wind field, the mass

flux in fluctuating wind field is also simulated. The results show that the mass flux
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obtained by theoretical calculation with consideration of the fluctuation of wind field
agrees better with experimental data than without consideration of the fluctuation of wind-
field. Furthermore, the distribution of mass flux with height in fluctuating wind field shows
obvious stratification feature, and the friction wind velocity and particles’ diameters have

significant effect on the mass flux.

Keywords: windblown sand movement; coupled interaction; fluctuating wind field;

saltation; mass flux
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R 0.35mm , PR 084

MR FITER AL AR LT LR :
fa(¥02) _ £ul¥e2) 0

1(vu’z) z¢(voaz)

Fo==s[f(v)X3 v, @39,
S s Fom AR YA R RRBORDIR LBk P R BN R T R 2.
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¥R @2-3-)RAK(2-1-4), RABERGBETHRGHE,

du__ldu__ 7psD’ [Fox (100D 500,2)
2 zdz 12,523 du Yo 2,(vys2)  £,(52)
dz

Jdv, (2-3-5)

73‘?%(2-3-5)—'5"/}‘%%"3Eﬂzi@f;b7‘1‘&(2—2-14)-(2-2—16)1"@552T%fﬁ’ﬂiﬁb‘%ﬂ“f’ﬁﬁﬁ
MRERD KBS MERER. X THER, X-—A bR RSN
DERE, RESETUREDNMARE, WHNOVESE KT LR

Runge-Kutta ¥R E ¥ M3 HEA, BEWHESNREERNZ I T of (v) BLLv, &
FERB AL RL, AR N B & R E &R |

t=0 . x=0, z=2, x=v,, Z=v, 0=@ 2-3-6) -
ZZo: u=0 ' @-3-7)
. Z—>00; zk—d—u—u. : - (2-3-8)
dz :

A, v H v AP RIOFIHREBGEEEKFRMEET A LR E, o WV

EERYEBEEANRENDRBEHEHE— LU EUI TENRE
W (F). AMERE), BaUERETHEASE: BHER w, KEEDE s,
PARWRLE S IRIEERE Aw) 2 RIEEE —ERHIZAXR, FAEMAERSE. X
TRFBIX— G, XBHEREIOLE BB —F+2ERO T E—ITRENEE
BAR, EREUS HELER B AHENKE RS TENERE, XPENa&H
FEET5&SLEFGNMBHANERZE, REEI A ABSHEZVERNE
HIRER %WEJ?%H’JJ&{E%#.

Owen“”?"‘ﬂj L?%%’U{*E’JN@LM, M.YEJEETHE@E’JEJF ﬁ%?ﬁﬂiﬁ/}
KA TR/ ERS, BIPREBYR A Bagnold™4s i Hlks 57 bt 2 5 BY
Ho Bk, AHZEFE A SRR TR RN R N s S n i s RO FTxE
RLEIBY N SHE A R B EIEBIRE RS HE KM, TURTH: o

(kz )z-zo =1,=pul 2-3-9)
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HFy, =008 /f_‘—"_ ¢D RERN D KRBT RLEIE Frh RS BERGE . % T
. Pa

SBERNPIVHRL, B1(2-3-5)KATUBE]

. z=zy j’z‘ 0128 /pg Pa oD - (2-3-10)

SRS JEUR B T A P (2-3-8) 66 4y V(6 6 (2-3-10), FIF Runge-Kutta ¥554
PRI E B A MR A TR, RS R R R B H R A
4y, B RERYE s %, FHEAMEQ3)BERE. B 231 BHTH
g‘iﬁﬁgi Egﬁ\ﬁ_%ﬂt‘%*’ k, 8 Py pg; D, C; a%gﬁ{%ﬁZ{&o E%
BREBWTF: ‘

(1) 4 B S S, , TRESE s MVHEE O, B12-3-10) 78 %Ez:zo
B, HEENO(2)=0. ETFARKEMBRECY 0, ELIRIEFERLHER
LTI 0 0, S RERERNI AU

u<°>(z)=f‘k—'1n;- @31
. (1]

| @) Bu D) M N(2) ﬁ)\?‘iﬂ(2-2-l4)-(2-2-16)%(2—3-53: SEYMEFM(2-3-6)

PARGEE A AR EQ2-1-7), TR EEDRENEBEI TN BENEINE OO
@), BRi=l, 2, 3, ~FFE | KERLR. o

(3) BE i LHIVRIBHRBERAN(2-3-5)F1(2-2-8)3, %ﬁ%ﬁ%ﬁ@sﬂ)%ﬂ
(2-3-10)A, B CASR PR SE § PO RIS AR P ORI B B 53 4 o (2) AN i B Ak B AL
B RE N (2).

@) EEHBQ)-C)MHEIBRERSE i IKERHTEERM Y (2) 5 E—KiEKE
B HRIO - @ l<a ke o o HFVERERHIE. |
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7t %

MANEEE D, du/dz MBREK w, FBEN(2)=0

v .
HERES U9 (2)

v‘f
HEPRET P (1) F1 29 ()

HE SR FROPEE NG (2)

T RE S A 10(2)

l P

HEu?

no

A 23.1 AP LGRS RBEHER KT ERER

(5) BHQ3-HXBEEMNEL, K. 5HRSHu HTHR, WEPHE,
UL

s = 5D 4 AsS (ul - u,) (2-3-12)
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10 "
b, S0 -u)=P L% AcnBK,
L, u<u

6 EERTBEQ—O)F, HH|u® —u|<e Rk, Kb, & HTES EHH
E.

2.4 BHESR R

 BARPDHRSSRARBENNERBA MK, XA LRTEIR, EEERR
YRR, RNEVIHESARENTRGESERET, MuERBEshdE+TH
52 IATHUE B LR T, B — S ERIT VR R 2 A E A DB 2 R4
M, HPEsrSEMmE24.1.

£241. BESY
~ von Karman % #( k 0.4
BB R v 1.46x107m?/ s
| ERER R p  176x10" kg /ms
| EREE ba , 1.23kg/m’
CYRIEE A 2650.0kg / m’®

B 2.4.1 £ THA. &5, Magnus /1 Saffman ) 5EHZ LI KB &HEDN
AL 3 -

- MBI 241 TTUEH, LR TRIBEKRE (290 TF 0.008m)R, YHFTZHEA
NFES, ERBNEMERES, BANKTES. XRPEXRBIES, BAHHE
AR L, X5REY. HRZEAPHAHMERERR BN, i, YREL
FEVER, BEAOAKI K, LBEE—REERIRAME, REFHED, BPHEL
FE B2 T E X T TR BRI S . Magnus ﬁﬂﬁﬂﬁﬁ%ﬂi*ﬁlﬁﬁ@@éﬂ:ﬂ
#, B7E AR Magnus HARBTIE K, JBEE—REMNESIRKE, REFHE
. LR T RESIEEIE R (AT 0.01m), B3 Magnus HEEHZHADTF
0.1, ZEH bt 72+ Magnus HEEHZ KT 0.1. Saffman H5EHZ thEDH E
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2EMREFLFEAIRT

T B AR RIZ 0.135 RIERAN, TR PR B, BIMEKIIL
0.025; 1B Z¥PH T BRI FHE(<0.001m)E, HLEMFFLEE KR, FIREE e A Z]
0.09, X iBIEKBYRIZER K VEHT 2 Saffman /1B K. B Saffman S TE
AT A, HHEENTE 2.5%~10%2Z [, EEFPRAKEMESTELS=4ER
KEIEW. BEXEHRNEENZLREEEENTAE. ATLENH, EEDN
B A BT T MR B R S HAN, BIERE LARTENER, A—&
Lt g hAR%, ERERENIE R R AR, ok, X EREXT 025, T LE
iy 7 YRR B 3 IR " |

0025 ’ ' 0.025

0.020 electrostatic force—" 0.0204 -
gomsf \ gooe \
S 0010 £ 0010
] g ]
T 0.0054 . £ 0.005- J
o'(xn - ."“"-I“ M T v T o‘cm L T o L) Y
00 05 10 15 20 25 000 005 010 015 020 025 030

Ratio of drag force and electrostatic force to gravity Ratio of Magnus force and Saffimen force to gramity

K 241 YHAZERADERBIETHRLRE
(v=0, v=0.8 m/s, D=0.25 mm, u,=0.5m/s, @,=400 rev/s)

EEAT R, EREERNEDRKS SR P RREEFEN, TEHEREHE
AL TIAALE: YR RTETRBRES 52 & F1E R H 0Bk, 3 BfeybRify k7
EhF2OERIEREAT PR EFFZHERS (BaABRM). FEMKE
SRR Z BN Saffman F. Magnus HREHHITE T, FELEERTHE
24.2-2.4.4. '

- BE24248HTRBERFURAE R ZER RN, TUEN, &4
TEHT, BT Magnus A5EHHHERDHRBOVGEHE KBREADNT
0.001m) B TH%ES, BN EAMER, WHRENEAZEERAINEZRERHE.
FEVRRB T M B, YRR AR Saffman 11 I WZESTR/D, HETER
B RRE EREL/MT 0.001m) &, AR Saffman HJLFARKENZHR
Tk FAR%, W0 Magnus HIRZESRALZHBR AR M,
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0.030 0.030 D015
C 1 ——D=0.15mm ' ——D=0.15mm
002591 . & D=0.25mm 00254 .. D=0.25mm
£ 0.020 72 N D=0.50mm E 0.020 it
Eoots] Y : = 0,015
o 1 2 10
% 0.010-.' :i:o 0.0
0.005 0.0054/ [/ .
0.000 ] —_— 1. S ——— . 0.000 / ,,. . . _,'-A . i
0.00 002 004 006 008 0.10 0.0 ) 0.1 0.2 0.3 _0.4
(a)  Ratio of Saffman force to gravity (b) Ratio of Magnus force to gravity
0.030
1 A ~——D=0.15mm
0.025 /% —eenD=0.25mm
£ 00204 - 4 D=0,50mm
£ 0.015- &) 3
Rey 1
goomo /,
0.005{ 7
0000 — 2
00 06 12 18 24 30 36
(c) Ratio of drag force to gravity

242 ARERBRHLHETZER HERBIRED MR RE
(v0=0,vp=0.8m/s, »,=0.6m/s, w,=400 rev/s)

TRV AEE, VHRZEERANERBEEFTHZLREGLE
243 i, WUEY, EAEVREREE. YRRSNEERENEHT, ¥
BFTZZIHIFE SR Saffman eV RIERBIZ SN EFHEY BUL P A Z A4 ek i
(I 7E T RERT B, FAL) A Saffman /)5 B 20 ) HLEBEE e H5 A B U KTO D o
TV T s A E Xt Magnus WMEWERAE, EVHKBESHELETF,
Magnus /IR Es MEE G RTE R, BEPERBEIN EABBRATEKNZ
WE KT 7E T BB Magnus 71 B9

0.03 4 — o,=200rev/s 0.03 - — o,=200rev/s
- S\ - o,=600rev/s ' e ~z600rev/s

E 0.02 1 — o,=1000rev/s E 0.02 - ".\-——- o, =\1‘Wa00rev/s
_:ED 4 f .S 4 ““
2 0014 2 0011 ; t

0.00 A . 0.00 F-r Gy

0.02 0.04 0.06 0.08 00 01 02 03 04 05 06 07

(a) Ratio of Saffman force to gravity (b) Ratio of Magnus force to gravity
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0.03 +— w,=200rev/s
£ 0.02
s
k=4
£ 0.01
0.00 ————— —
00 05 10 15 20 25

(c) Ratio of drag force to gravity

B 243 TRV REAEETYHRAZERDERBIEPRRLRS
(v=0,v0=0.8m/s, D=0.25 mm, u,=0.6m/s)

244 £ T AREBUERE T &FERHERB AR HELRE. TLUEER,
VRN, BEEXE R AEEN, EPRREHISEN R, BIbEEXN Y
BT 52 &R 1E R 1 B AR/ Lm%%ﬁﬁﬁ@*gﬂ’ﬁ%k B BE X YR T 52
%ﬁf’ﬁ)ﬁﬁﬂ’]?ﬁ%&lﬁﬁzi%k

0.05- v,,=0.6m/s 0.05- .
0.04.] /\ e v,=0.8m/s — 04_' e N‘-'*:-v =0.8m/s
E )N —ystoms| T E / —-V371.2mis
= 0034 / 5t = 0. 03- / N
B 0024 °’ 002— / P o gh
I I .!" L S "
0.01 - 0014 / .- 'y
11 ).
0.00 Ry — 0.004+— T —
0.02 0.04 0.06 0.0 0.1 0.2 0.3
(a) Ratio of Saffman force to gravity (b) Ratio of Magnus force to gravity
0054 =
0.04. //-----";"ﬂ() 8m/s
E g
% 0.03 4
‘D 0.02-
T
0014 /7
0.00 L=2="
04 08 12 16 20 24 28
() Ratio of drag force to gravity

Bl 2.4.4 ARIEEE FYRTZERHEKXKBTETHTHE
(v=0,D=0.25mm, u,=0.6m/s, o,=400 rev/s)

BRSO AT, BRITTUEE, R nREE
£ #e8). Magnus A1 Saffman 71, AR RIEBEHIE LML, &
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EMARFTEFEMIR

FI A BB E S R A A B AMRICYB S B B, Magous HAI
Saffinan 7. FiLAZER RIS BB BIBT S izt ) R 7R 2B

2.5 KE/NG

FEERALEEEBEHVRZ I HERM L, B REPGEE S AR S AN
PEBEHHRLERESERALE S, PR EXEIETRZRMSFHERD
Sybni g G EHHTHES T, BHUTER: SERINYREKBESENER
" BARE/MEKRAME A EH. B, Magnus A Saffman H. BHA—BEFERLTK
FEH, BEEBRXENNIUE: SFEOIARENN 20% L0 E; Magnus HXEHIER
TAXNENM 10%~70%; Saffman H—NELRESK 10% L. EHEEHG
£, LRASERHESHEKEIRESREERESENRLUAN R, ﬂkd\lﬁﬁ
FEWRKRBEESE N ERE —EMRILIE, FZRWRRR. YRR ES fAEE
DA R HI A Bk P ) B R '
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ZMRFEBFArR

B=% RHRGTFOREBED

PRSI SN SR HPEETIER, TASRGETEXR. £
AEIHPRR BB IBIR T, K S HHEE 3 XF B8 LT 23R A R 173
B, XHLEMUESITENERR S A8, AN ERRS RN EZFEL

SEF . BRGRERNRERES, RELNTZMERKZ F, RILEHF KK

Rt RAREEBRER KT, BORE—ERFER, MRLTEIERR SRR
RMB, BINERENSLFRRBARK, METFPHREHEOHY BEES
LY BAR, XALFRATRT AME. Fril, RIBRXERKNEE, FFRIE
{5 A T R RS VAR K R B BRI EHBF S — A a2, R B P BRI ikt
¥MERFR. FEARDBEERTHPHRBEHRE R, £RNEERRZK
Rk AERFRKE, LRWHMES . #ER S+ Magnus Jj. Saffman Jj A& B # %
#F, MRLRBE TN BT T HER.

3.1 BRI RS 47 B

H RTBTSUR BT R 4 R T 493, BMERAE B B P B BT
B —RFHTS, ZREKSFIF . RIOVMETRRENAERETS, RGLHR
Wi (KD K. B 3L AHTEENAFERKESTRENFRERENLRE
EH R R MFHEEREE B 25 om A S7om RFIR KA FRE.

-
H

12 h=25em | h=57cm
? 2 12
g E
° B 10
g ° ]
» 6 » 8
L] °
£ £
s ¢ g6
24— LA T T ; T T T T .
0 100 200 300 400 500 €00 0 100 200 300 400 500 600
Time (s) Time (8)

- B 3.1 AREELR LR NE

W%EBH,ﬁﬂm$ﬂﬁ7uﬁ%m$¥ﬂﬂﬁﬂﬁ¥MMNﬁW%ﬁ Bf
u=u+u . ' , (3-1-1)

22



EMKETLELIR

R g RAKFPHRE, XA BMEKXGERNTHE, ERBER, A E
BUTIRME . wRAFKIRE, BBRNRESPHREZE. HLRIITURE
TP RE S HIK PRSI RIE, SRWE 3.1.2

g 4 h=25¢cm g 4 h=57cm
= =
§ 2 S 2
4 I . 8
g " So ’ |
2 1 | 2
z
g-z- 8 2
[] . 4
B 44— . - . . 2 44 . . p——— |
S 0 100 200 300 400 500 600 £ 0 100 200 300 400 500 600

Time (8) . Time (m)

B 3.1.2 7[R 6 BE Ak S 0 R A Bk 3l R _
HETR, RERKSMBERERE /s, XiEREBRXDEIHIEFEEE S
AN 20 RS R S REE B K .

3N o, RoRMKBNRE, EIRZBKEMERIST R, N B iR M AR AT A2

,/ni_ﬁ(u.-—ﬁ)’ | - (1)

fH(3-1-2)zA B ATRT L7 B = 3 RUETE h=25cm F h=57cm = AL XU B Bk 3h 38 23 7
X 1.24 F1.22. B ELREERINT, BEISERRGHFLIRIE 3, KERG X
Bk, BREMRE uwXAH 0.48m/s. FTEARG ISR o, ~2.55 uso

]

o'll

T XX —RIGHEATHENAERL, A3 ShaoP24: th ) Langevin A2k #iR K F
Rk B RUE AN ZE (] Bk B &, B

du =-2—dt + [Coeds (3-1-3)
TLI
M" . .
W = —_—T—dt+,/cogd§ (3-1-4)
‘ Lw . .

H, T, =202/C,e 5 T,,=202/C,e RHrH&BIBETEIREE: Cp R Kolmogorov %%
e RBRHBENSHE. XENBE e URH T E o, Mo, MEEEXE uwffix, B



ZMREWLEARI

e=ullxz, 0,=24u,, o,=12u. XHds REFHEN 0 F7%EH dt i) Gaussian
EEESAOBEH R, EREERLEThTEN Az ER.

EXSET, ZMFRARENEW, FREZ N EEREIEEERTHE
ISR E RGERE, iR R 05K TR B Owen!* R MZHEFE LR
TR H, B

L 2
="t ln—25 . (3-1-5)
K

TIRG K E [ RERE ERKRE v, BERFHEGRE-RANETE.

FIARG-1-)RG-1-5)% R HTRERNRL, R EERY 18, WEKFIH
BIRS R T B EE  HE  RR T I 303 3,14,

12 . h=25cm 14 h=57cm
gw- g12
EGMW”WM‘ N LU AT W
e
é 44 é 6 .

20 100 200 300 400 500 600 ) 46 100 200 300 400 500 600

Time(s) : Time(s) :
B 3.1.3 Mg KEH RRMBERENER

-4 h=25cm > 41
E E
§ 2 § 2]
ol \WM : ﬁU
8 0 ® ! i | il 80 o
R IR -
I L —— 2 B —
S 0 100 200 300 400 500 600 £ 0 100 200 300 400 500 600

Time (s) . ) Time (s)

B 3.4 RFIEKET RS RE R BEER S R

EE AT ., BEARR Bk sh RUE AT B KM th8HE 4mss, BESMSE 3.1.1 #1312
M, ATULEH#ERRGEEIEERGB-1-3)-G-1-5)ERBFHERTHE 3.1.1 M
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312 TR R . Frila Xl REA(G-1-3)- G-1-5FR ks NG £ T1TH.

3.2 k3R T PR KB E 3P

HRPEFEERREREN, PHIEZIHHEH Newton B31572, AE "M

H(2-2-11)-(2-2-13)H#3k, B

1 3d2 ‘

oD T =Fu+F, (3-2-1)

1 dz '

&P —d—z—-—F ~F, +F, +F+F, (322
do

I—=M . 3-2-3
d : (3-2-3)

Ko LG B RAERENEL, B

E(2) =51000.0(100.02)°¢ (3-24)
IR B T
| F_ =mcE(z) (3-2-5)

BiEL, %T%EEBL%*D@*MLZ;’JZHH’J%AWJ% NI BB RAE KSR T 38

RN

d_zf‘= p,[(m_ldu)( -w')- —D\/(x U +(¢E-w) G- u)] {3-2-6)
dt Py
d’z _ 1du

) - u)——J(x —u) +(z-w) (2 - w)+085—(u,0p—u,,o,)]

)
22 _075L [ (0-=2%
dr? P, e 2dz

g

—g +51000.0(100.0z) ¢ (3-2-7)

do_ 60u  1du | | | 3-2-8
dt pgD2 @ 2 dz) o L ( )

Hep, KPFHRE @ FRG-1-5GH, KPR EME @ KHEEAAGE-1-3)/
G195, ENMSHEBE_FARA, HNKYMEFMFRDERSSHIA:

t=0 . x=0, z=8, x=v,, Z=v, o=@ (3-2-9)
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Z=Zy : u=0 o

du ‘
Z—>0; zk;z-—u. (3-2-11)
X FHAER, X B —AF LMY T RAMBRAVIERE, RER/ETYRIE
FFIEARE, BARRAAMESME, RTLBRTRANE. RIESEA: B5E, X
K (3-1-3)-3-1-5)K AR, MTBIARRAEELLRE; R, HBBBHRREEHRAE
# AR (3-2-6)- (3-2-8), FIF Runge-Kutta KBS H A, BMBAKBYRAE
FIE b7 N | .
B 321 SHHEERRGEY 0.32ms i, HRRRREDRENRBIEMNG,
F—RRBANT 50 B R HEBEHNE. HF, (a): D=0.30mm; (b): D=0.20mm;
(¢©): D=0.15mm; (d): D=0.10mm; (¢): D=0.05mm. ‘ ‘

0.30
025y =
E020] AN
£ 0.15-: \
‘© 0.104
T 0.05]
~ 0.004

Height (m)

D=0.1mm

Eos] &3

5 0101 AR
T 0.05- \\?\\}&t&\\\‘
0.00- RN
0 1 2 3 T T
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Height (m)

3.2.1 u=0.32m/s AR RARBEFHIE (v0=0, vp=2mJs, o= 100rev/s)

ME 321 TUEH, RGBS ENDRFKBESNEFTEENEW. &

Bksh R TR MR BT RGBT AR R —E E 8, BV & R R

BEE N R M T SBHESPEARR; LURRZEKRN, PREKBIES K

BENE YRR, EREEHEDRRZRIRAD, K78 Rkshx KB IT K2 R

B, HRBEFMEE RIS ZEHZ RN L, T EL% A BB HE AR
K, LPRHAEDNT 0.1mm b, PHEZTUHABBEIHIRE.

3.3 IK3IRG TR BERBMRIEITE

HEL b, KBYREZRIGERNFRRN, RG>~ EBHER, AR RE
gAY, REFME=EE, RBEATRBORNASUWHERTREH AKX
A, FEER, FlRS SRS YR BT A R T LR SR A
iGN F,RkFR. BAFHEAREETS, FUXESATELZRETS
HYPHSRZHBEER, TATELRKETAYHSRZHHEESER. BEERN
SEHKFERE SR B E - ERREQ-3-5)#B, B ‘

fT(vo,z)_Jt.'l(vo,z)

2 3 o
a7 _ 1BV [ 1, (33-1)

- = -
dz zdz 12p0k222‘d_17
dz

2, (vp>2)  Z,(v2)

B, HEd R R 78Tk ROE 75 72 (3-3-1) 5 HR K k3 XUgE R 2 1) ks
RIEH] Langevin HE(3-1-3)-(3-1-4). AR K HFIKBIE BN HFE(3-2-6)-3-2-8)HI . T
X ERALBEEANKSIRG TR RBEF NS, #R R EENEEGE
R—AELEMA H MRV BERE, RIOTURAR - ESFMENEER
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| EREETRE. ERIAVEES

du 0.08 fpg =P,
=2 : —_— —£——gaD 3-3-2
z2=z z ke o, & | ( )

XA R AL E &R (3-2-11) 4k A YA &4 (3-3-2), #R/EFIF Runge-Kutta X}
RG—VREHHAEESNEEFEHTIEARR, BdxKREDSEs iR, &
JEE A EEEG2-11)BE% R . it ERERRTHE 3.3.1, ZEBAMHEIES, £, g,

por Pyr Dy cEBREFRTE. ABBREBNT:

() St EFFS S, LRITRESH s WHAES, BRE3DHEH T2
numwi#E%%ﬁﬁﬁ&ﬁﬁ%ﬂmt%?ﬁ@ﬂ%mﬁﬁm%ﬁéﬁa&m)
F1(3-3-2)% R 5 FE(3-3-1)ET K, 'ﬁI PATH L XU TG 5 P BT 4R 2 A 00 (2) 1A
W, B |

2

a® =F—'L1n—
u’(z) P

(3-3-3)
@ mit(s-l-s)iﬁue-mﬁ‘rﬁtu dH W, RBY . W Q) RAFTE
(3-2-6)-(3-2-8)F1(3-3-1), SEVMELAMHG32QURERE—MEBEE S HEE, 7L
Rt BB NEBE R A EHE OO 200) . REi=1, 2, 3, %
R | KA. |
) 155 | SRBNPREDIBRAG DR, SAMEEHG2-97G32),
LUK HZER 1 YOk A AR R BB A 79(2) o

@) ERFRQ-QNHHEIBERE i ﬁ%ﬁﬁﬁﬂﬂéﬂ@ﬁ‘”(z)'—ﬁi—&iiﬁ
BRI () HR |17 (2) -7V (@) s hik. HF, g ATURLE ERIREE.

(5) HE-3-HRFEERRNE L, HH#Fu 5HFESHu #ITHE, MEFEE,
JUJER

s@ = 59D 4+ AsS (u” - u.) (3-3-9)
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1 0 '
K, J(zé”—zl.)={l,1’ e 2t As K.

i <u,

® EE%M?%(%—GM& EE|w -ul<e Ak, o, &, ATRSEE E KKK
.

¥

BAVESH S, dildz, 0@ MERS%

&

'

W W RERAE X () B 20 (0)
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2,(%,2)  2,(v,2)

Q(Z)-—rrpgsD’ [roxE: (3-4-3)

—ga ﬁ%ﬂﬂﬂ’]ﬁ@hﬁ)ﬁﬁ’ﬁi F(v), MATER (-4-3)KMEKEEARRRELH
wYR

AT EREMBARE, iiﬂ'éiiﬁx Anderson and Haff'" & 3| f) ¥b R Bk i 43 A
REBHNRK, B Gamma 737, HERVHLFHEREEMMERBRIAZSH, U

YHRB R EEEE R f(2) A:

) f(o)" !

Z, e 2
- 3-4-4
2 0.96u, (O 96u.) Xp(=3 0.96u, 0962 ( )

B HY BIHHE S RS Zhou BVEHL T A RIAF M8 ML 4 BHATH
. BTSSR T RIE RN B RA R RGE R R, BRI ERRE. %
LR u, 5 BEB R , 2 R AT R A

u. = (u, —4.32337)/11.49557 ) (34-5)
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