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T UL AR M BB, AR S R R NI, A
(AR A0 AT DL f. 1T CTP g v N 51N —
AN R LRSI 2 TS, DA AR % i TR RS
BRI EICE — A A N R L S AR 4k

FEHIJT R (19~22) J& A7 R iR
Yo R

af Ofu Ofv

o or oy T (52)

) F I (] 25 3 245035 0] 43 fif 0h il 28 A 508 B
T AH Y ) 22 43 6 XA
of , Ofu  0fv
5 e oy =0 (53)
of
5 = (54)

P (53) KM 3 s {E sk £ iy SkiE T, id
B 2 (54) ISR HH A 22 43 3L
4.2.1 N-S KM =N

MK ' Ry B T TR ¢, Ay Re AR I TR ROBE, €
XA R IR E V, AUEFAE KL L,

1. \1/3
Vo = (ﬁ) s Ly = Vil (55)

Ferp 1, AHOET B h A

FE 65 i M3, LB 1 32 R AL D P
AN TR RE, DA 2 ) B (1w s 4 3t 5l i
Fe Ay B, 7220 T 4R = bR id e, B, 3
AN AE S T E T RE I BARE SN

dp | Opu  Opv
ot " dr | Oy
dpu N Apu®) Opvu 1 9p
ot ox Oy yMaZ Ox

e Lo (5) + 3, ()] + 5

Opv \ Blpw) Op* 1 Op, g

ot Oz Ay yMaZ Oy

Lo () + 5 ()] + 5
OpE  OpFEu  OpFEv
ot o T oy

LR 5) 5] s

=0

PrRelox\ Oz oy \ Oy
WAL, S, Sy 73 B T R BRI AT ARk
E W
&Zédi(%)i,gﬂ
2 710
s Lo (75,) + 3 (75,
(57)

}

0= 3y () * 2 ()]

3%5%£9+%@%ﬂ

Sp LRI FLG S, 6L 45 B PERERC. JE ) 2
T AR S 1 B O

55.= (- 1( 2 - 20

) + EcQras  (58)

A (56~ 59) H, Eckert #{ Fc, Prandtl #{ Pr
Reynolds % Re #i /& L m NS4, W
V2t
Ec=~(y—-1)Md?, Pr= HooC , Re= Poolplr

P ks oo
(59)

(1) il B I R A

B4 AR B R 38 N, LSC/LSD s AL,
AL A8 )0y T SR BN 2, Bl b 220w & P TS, i
W JE ) N-S J7 Bl A an % U Euler J7 72

8£+8Fx+8Fy:8G 0G,

ot Or dy Ox oy
Hor

Y +Q (60)



474 7 e bil fe 2009 4F 5 39 &
p P pu
Pl pu + p pol
U= , F,= , F, = (61)
pu puv poc +p
) pEu+ (v —1)pu pET + (v — 1)pv
0 0 0
Trx Tya: 0
G, = , G, = , Q= 62
! sz v Tyy O ( )
Wk _oT ok _OT BQas
PrRe 0x PrRe 0y

o, ok 3 RE kR AHE T E 5 R )
RN ) A5 R IXFE, 48 2] LA T,
Al LA CTIP J7 ¥ 3R fi# Buler J5 72 (56)~(62), L 3
ik [19].

(2) W 2R A 5 45 R it

T WU P AR Ji )

T B DX s Rl 4 SR P 2 e 4 o A BT TS R
Xu(i) M Yo(5)), P AR RUvHR OV Ly S
P (Xe(i),Ye(h) 775 e (Xu(i), Yo(j))
WHE OV W, i1 (Xc(d),Ye(j)) W OV Al

KA AR w5, WILLH R 7y & B R H, 8
B w0 SR D) PR E T AF by B3R Ak A2

FDTD R 5 S5 8E (0 4l A%, Wik o &=
E Fl H ] Yee Ji WU 7 IN [) #1125 [0] b A2 45 41,
FVM-CIP R H 55 40 W 1) 1 S (R0 9 4%, SRS w, v
A bR &, a0 s ) A B AR, 4y i) e SCAE 3L TR
KRG AN A5 R b

A0 FH 7 08 7 R I 2 ) i O R e AR TR I
KHAAF ARl JEIUR RS k4 72,
PHL - RARTICR H 0T Bk 2, S B e ECR
HOR F VR 35932, 0% o 5 Y 3 ) FH e VA 1

120 F 45 A SR FH B 0 T3 Ak B

AF 7 1) R A B % X, AR IE 7R AT o]
IS ] 25 KT 359 SR ATA 4 B S0 A A

R RS T 1) 2% AR SR il 4 1l 7 R D 8 AR
0757 FE, I DL S IE R BSOSO R

o

ot T

5 BEFnEE

5.1 BRI Bk £
$8) 753 T ) v R 0 A A 11 e g PR S

SRR, 5 ) 75 BT T 6
HL B 10 43 7.
ST ST 7 BT 3 2

E(r,t) = U(t)Egel@t=k7) (63a)

H(r,t) = U(t)Hge!“t=*7) (63b)

Hor w Mk 2332 IR S, Ut) 2T KR
#H

0
Ut) = %(1—005(7;)) , 0<t<T  (64)
1

e ST U R — PR U R — R e T ) A% R

IF AR 55 i AU X 6T BL 2 il Ok 6 R el 1 A
e T, PR 43 A B W R B X

u(z,y,2) = Aexp {—i [p(z) + } } (65)

k(z* + %)
2q(z)

H p(2), q(z) ¥ ST ek E. FER S Wk o A A

TR A LG S AR R S v M R O A, B/

A(z,y) = exp ( -

2 2
)

w(z) & WAL

RS VT SRR R I A, FRATTUH S T
TR S5 S 5 R R ™ 35K T 325 5% 1190 O 2R A 1) . 1 B
XA 30A x 50N, WOLHE K A = 1.06um, HU A1)
OOV 55 5 Ok 240, B3N (40) FTAN, Eo A1 Hy A2 %) W
TG PO RPEE 1, RS =T — 1A
T TN B SO 6 T8 S AN HR R e T T )

|E|:1>

(66)

o1 1
[H|=1, S=_EH=5 (67



V]

BALPAE - BOGR BB IER & 2 i B R s RV 475

BN S5 3806 1 W R 3 0 AT S IR AE A 1 R 1] 18
WA, N R B 2R B Ry 0.5, NS 0 ) 42
0° Al 15°. 3 SO BRI E B R A S

7.491
-6.810
6.129
5.448

4.767
4.086

3.405
2.724
2.043

1.362
0.661
0.000

(a) A =0°

(KIDR8 BE oA, 4 SO e ) B ) 56 2R
FEJR D) oA, R S R & 2
il

6.129
5.448
4.767
4.086
3.405
2.724

2.043

(b) A5 f =15°

3 SN ERTATIE B 2 AR R 't i o A (111 Th 5

52 HEERMSH

(1) WOtz BRI ™Y 3% B 2R 45 5 58 o A 17

NN ZE M BE N, 285 ™38 B 5 T L
V. B 3(a) R F OG0 Re = A A s L e
B 0 Tl R 3 B IR BN B 15 5. B 3(b)
2L 3R R IR e D 3R XA . ot &)
THI 2 5 5 2 4 5 D6 R 3 A 1) 1 38 Ty e % 8 n 5k 2|
NEHE I 25 i, il 4(a) Fios. {HAE NS 15°
M 25 05, VSR IX o R A R, W 4(b) T,

Bl 5 R T AR S T IE NS Il £k
At g ol B A B 45 B AU B A LSC/LSD
BHRERELTFXBTEENEEN L N
K5 W, R T o= 0.6 7 B Ab, 75 RT, BT
PR o 5 T, T R SR, I LB

(a) AN =0°

T AW WOL N B 1 7 1838 3 i 3 B 1 s
THE TR T 2 (W EFE =1ns). 7EK 6+,
D3 43 A A A TR PR T AR U2 I A T
TE R AR IGE R 12 g W 5 DA LSD % 19 T 23 45 Ol
NS T 38 5. B Jn I 1 LT R B i s
(K] — 2. T A B A DA 8 AR PR R 70 28 i) A
1.

7o T R R AL et B
W 19 8 AW A WOE NS 5 1wz 2, 0 e il
FERLABET 15%. & 8 Ron ity o i e ARk
FE K AZ A it 26, WO IS B BT AR I o
AT IR I8 3y, FRAE PR SR IZ S AR PR B
AITar BLE ), LSD S 1 i) 6 2 hn st 3 1
B SURIE N, H T R (B2 DL LSD i
WA NG5 7 138 3.

(b) Aitfh =15°
B4 240 s 5 BT 2R £8 5 Ot 5iR 23 A 1 4 T A 5 i



476 bl = HE J& 2009 F £ 39 &
* 2 XEVMESH
5 HE L% 1Y) HR
c 2.997924 58 x 108 m/s LA RIS
o 47rx10~7 H/m R
€0 8.85418x 1012 F/m LA HLE
e 1.60217733x 1019 ¢ FHL T F ]
Me 9.109 389 7x 1031 kg FHL 7 T
e/me 1.758 83x 1011 C/kg FH - ff 3T L
h 6.6260755x10~34 J-s /molecule Planck # %
kg 1.380658x 1020 J/(kmol-K) Boltzmann 7 %1
ar 5.57051x10~8 W/ (m?2-K*%) Stefan-Boltzmann i %{
y 1.4 Lb
Poo 1.225 kg/m? T (FRERKAER)
Ru 8314.510 J/(kmol-K) S SRR INE )
g 9.806 65 m/s? EIApIBUY; S
1 atm 101325 Pa PRt KA
Nay 6.022 136 7x 1026 molecule /kmol Avogadro %
2.5 0.3
3 H .
oL : 0.25 f
0.2k
i 1.5
ke R -
i : By 015}
£ 1F i
, 0.1F
051 0.05F
0 ) - H g 5 0 L 3 N i 3
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
T x
Pl 5 B B b 1] ) ISR A0 h 2 B 6 FR 7743 A bl s 8] (¥ 35 44 il 28
0.07 0.4r
0.06F « -
- 0.3+
0.05F
X Paind
%(MM— 2 02}
0.03F
- 0.1+
0.02F
0.01 N i ; 0 T I B AL .
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

T

B 73 B 2 A i I ) £ 35 £ 1 2%

T

Bl 8 B 7 A i I 1) F) 355 A 1 2%



V]

BALPAE - BOGR BB IER & 2 i B R s RV 477

6 Hit5itit

A S TAE AT A0 T By B W 5Tk

(1) JWT — P50 3R B E L R 30
DI EERR B LA - Ty 2 280 1 A4 B S A

WF 5T W10 28 R B 1 7 AR 4 ) 1R I A A2
AT J) 7 i AR HAE TR S5 R, XA A L
(EEpT

1) A BT EO6AL 3R A ESUR R AR i
SARE ) s s RS A AR A

2) AR R . O SRR S e B DTN
iz ok B R G A H.

EFoof BOA R G o RE W B AR, JRATT B
Maxwell H, fi % B 18 Fl L B S A Euler J7 F2 4 2
filt, A7 T BP0 R AR E R R - TR
IS P — i BE 10 A5 AR IR o 7 B A & AR
I T (1) R 22 RS T FE AL B S AT OC &R, R A
)T BB 7R T AR A H B ) 2R R S
Ot fie B PR R Az ok A 2 Ta) R A 4 R
FDTD-CIP $Uf8 77 vExF b adAH B AR i Rk AT T
W1 BB, TSI I R 4 =
YE v) g A () N HE, H AT H A% FDTD o 52
YE (1), (BRI I 8) )12 CIP TS & — 4k, (H oA 4
Ja gk — B FT R T AR

(2) T I B S A KOG EUH
{18 516 iR 3 A 1 L)y 6358 25 3 AT

FRATTF AR I8 5 A1 ot SO HU FHAL 46 1 R 1
AR, 19 2 T B0 HUEN S 0008 A8 F 1) 2%
Iy AT, FEos T AR BT R BEOG BE U B BT F
FES A A B 7). X IR AN 48 7 0l 2% o 2 Fl
T AL B2 v BRI RE OO RE
HALRORAT T T — 5 WA

T4 R W, K FDTD J5 v N H T 0k
S5 RO R 2 1) BB R AU S B AT AT . H T
VAL A A7 A2 Y R, g L BEREUL 100 >
JEWA U A, T 545 B n] g 2 B, A8 B B
A Tl R M Aok R T R D' 3 4 A R AR

TEAE R () Wk 8] TR T M ' 2 7 2 SeR B o
JUART D' 2% 3 AL 55 v B 8 vk B n] BB A 7R K 22 S
TR LE TR P OGS E BRE 5 FDTD J7ik it
a2 e Ak — Wb T A R

(3) AN BB 7 50 i s RO S AT —
Yo 35 RV, BT Maxwell #4375 Euler 3
THAZET 3nd DEE PR AR - 2R

JE. A5 A 3K 2 R 5 A RV B, 0 2B R
JE. JESE B b AR A ) B A R 1) T iR AT T
TEREAS 22N TR] 22 HL, AT Maxwell 3 76— 22 M
FUEZE W B2 B 1. AEIEAS 75 0 RUBE X 3 A 2
A7 40 REE A R L S ok B RATHEAS TR - 22 R
JEE P, BIAA 00 280 0 0 5 [ 38 o R, e B2 B ARAT
T, H AR R X R A SR T gt 5L
i HZFERVFZ U JATR AT T — 22 20 iR
.

(4) WA N-S J7 B AU Buler J7 2, K n] 3
— W TG AE U TP SR AR AR I 5 L 1) 2% Al
W AR E O, B G I G, XA 5 AR AE A
BT E SR A

Bt ARTULAE ARG BT 973 A ORIUH, %
FIUT <5 M [ 5K F SRR 27 R < T T RE < 00 H 98 )
(10832011), 7 % i !

2 % Xk

1 Yee K S. Numerical solution of initial boundary value
problems involving Maxwell equations in isotropic me-
dia. IEEE Trans Antennas Propagat, 1966, AP-14(3):
302~307

2 Engquist B, Majda A. Absorbing boundary conditions for
the numerical simulation of waves. Math Comput, 1977,
31(139): 629~651

3 Mur G. Absorbing boundary conditions for the finite-
difference approximation of the time-domain electromag-
netic field equations. IEEE Trans. Electomagn Compat,
1981, EMC-23(4): 377~382

4 Berenger J P. A perfectly matched layer for the absorption
of electromagnetic waves. J Comput Phys, 1994, 114(2):
185~200

5 Berenger J P. Three-dimensional perfectly matched layer
for the absorption of electromagnetic waves. J Comput
Phys, 1996, 127(2): 363~379

6 Berenger J P. Perfectly matched layer for the FDTD solu-
tion of wave-structure interaction problem. IEEFE Trans
Antennas Propagat, 1996, AP-44(1): 110~117

7 Kasher J C, Yee K S. A numerical example of a two dimen-
sional scattering problem using a subgrid. Applied Com-
putational Electromagnetic Society Journal and Newslet-
ter, 1987, 2(2): 75~102

8 Umashankar K R, Taflove A. A Novel method of analyz-
ing electromagnetic scattering of complex objects. IEEE
Trans Electromagn Compat, 1982, EMC-24: 397~405

9 Mei K K, Cangellaris AC, Angelakos DJ. Conformal time
domain finite difference method. Radio Science, 1984,
19(5): 1145~1147

10 B4E)%, R BN A R ZE S T5vE. i T
2T RHBOR S HRBRE, 2002



478 il 2 it B 2009 4 2 39 &

11 IKI?:J:, Tﬂﬁi Eﬁﬁﬁgﬂ/lﬁ H R s 3k A KEZ@&J‘E&E tational Fluid Dynamics The Finite Volume Method.
b5 db st K& H i, 1994 Addison Wesley Longman, 1995
12 PhARE A, BRSO, db ]%I‘H/'EH)#&H:, 2002 17 Patankar S V. Numerical Heat Transfer and Fluid flow.
13 R E. WO RMEA &, dbat: Bl HAR Washington: McGraw-Hill, 1980
#t, 2002 18 BV, Jrn. amOL R ARG K IOV w5 e B
14 JRIEH, A Wk SO T I g . Jb st —— WOCURSE ) 2 h B L W B A
L7 Ak HY R, 2001 SR 58 R SR KNS CEE, 2005, 15708 25
15 AR, s, ERA DY, Jbnt @SS BE 19 J5 3, BROG, F 30k, BACTE. WOLRERIENR -
k£, 2002 s R K HOMUE R L P e AR KSR
16 Versteeg H K, Malasekera W. An Introduction to Compu- CAE, 2005. 1426

THEORETICAL MODELING AND TRANS-SCALE
SIMULATION OF COUPLING FIELDS GENERATED BY THE
EXPLOSION OF A FOCUSED HIGH POWER LASER BEAM

DUAN Zhuping® FANG Xin! WANG Wenbiao? HUANG Chenguang!

I LNM, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China
2 Graduate School, Chinese Academy of Sciences, Beijing, 100190, China

Abstract The study of coupled electromagnetic and thermo-mechanical processes concerning with a focused
high power laser explosion in gas medium is now becoming an important research forefront. The subject includes
a series of energy absorption and transfer processes, such as ionization and optical breakdown in mixture gases,
the evolution and propagation of the laser supported combustion wave (LSC) and laser supported detonation
wave (LSD) in gas-plasma.

In fact, these very complex processes can be macroscopically considered as interactions between three
distinct phenomena, that is, laser scattering, high temperature as well as high speed flow in gas plasma. In the
present paper, we are mainly concerned with the coupling effects between the electromagnetic wave propagation
and the thermo-mechanical flow field, that is, the coupling between Maxwell equations which describe the elec-
tromagnetic wave induced by laser, Navier-Stokes or Euler equations of gas dynamics, thermodynamic Equation
of State, the Saha equation of ionization balance (Saha Eq.), the evolution and propagation of LSC/LSD waves
and the recoil pressure and impulse.

This research works cover three stages. In the first one, the laser scattering in inhomogeneous mixture and
laser wave propagation is modeled based on the Maxwell-Euler equations.

In the second, a numerical model for ignition and/or optical breakdown of combustible mixture gases under
the radiation of high power laser is presented. The electromagnetic fields of laser beam propagating through
mixtures are simulated by directly solving Maxwell equations with FDTD scheme and free-reflection boundary
conditions. The fine structures of the power density distribution near the focus center are revealed by means
of coupling numerical analysis of Euler equation and EOS for heat diffusion and convection, Saha equations

of ionized gas in equilibrium state and detailed chemistry mechanism. Because the dielectric properties are
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changed with thermal state of the gas mixtures during the radiation, therefore, a unified scheme are developed
by combining CIP scheme for LSC/LSD propagation with FDTD solver for Maxwell equations over the uniform
grid cells. The finer structures of power flux near the focus have been revealed and visualized from numerical
results, depending on the power level and incident angles of the laser beam.

In the third stage which is now underway, models and simulation technique will be developed and extended

to more complicated flow processes.

Keywords high power laser explosion, Maxwell equations, Euler equations, eleclromagnetic-thermal coupling,

FDTD method, trans-scale simulation
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