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Numerical simulation of laser propagation effects through subsonic
transverse hemispherical/cylindrical flow fields

Guan Qi, Du Taijiao, Chen Zhihua, Yan Wei, Peng Guoliang

(Northwest Institute of Nuclear Technology, Xi’an 710024, China)

Abstract: Compressible large—eddy simulations were carried out to study the aero—optical effects caused by
the flow field of a transverse hemispherical/cylindrical structure at Mach numbers of Ma=0.5—-0.7. Statistic
results of density and optical path difference were calculated from the density field, and the laser
characteristics in far field were computed based on the phase screen method. It is found that the root—
mean—square of density distortion and the root—mean—square of optical path difference increase with free
stream velocity and aperture size. The one hand, with Mach number varying from 0.5 to 0.7, the root—
mean —square of density distortion gain 90 percent when the aperture diameter is fixed to 0.5m, and the
root—mean—square of optical path difference gain 90 percent when the aperture diameter is fixed to 0.25m.
On the other hand, with the free stream velocity fixed to 0.6, the two parameters gain 4 times respectively
when aperture diameter increases from 0.25m to 0.75m. The laser Strehl Ratio decreases with free stream
velocity and aperture size. It decreases from 0.236 to 0.045 when Mach number varies from 0.5 to 0.7 with
aperture diameter fixed to 0.25m, and it reduces 90 percent when aperture diameter increases from 0.25 to
0.75m at 0.6 Ma.

Key words: laser propagation; aero—optical effect; free stream velocity

Y5 B #:2016-04-05; 1&1T B #:2016-05-15
YEE B /v . LA (1989—), Lo, B R | A1, 32 28 DS 3801 R A0 A% B RS0 3l O &5 %408 7 T 9 B 5¢ . Email: guangi @nint.ac.cn

1211002-1



oh ok AR

%12 4 www.irla.cn % 45 %
B A3l ' 25 3850 N X 380G AL i 1R 52 ) B 5 4 SR 6 i
0 35 & S 5 7 1B A T X,

O E S PR SRR R, W
LR BN x5 AT 4R B eloAE A AR
149 G 3B 77 A BRI ) R A7 W A2 S Wil YOG ) 4% i R
e B QALK W) e 3 AR W) i oL 7 e O =
B RAT & 58 OGS UGS B R L O i R &R
G2 IR IR R BOR K A+ AR

K BE B 7 B R B RN, HE
K FH S AR ) 25 07 R A AT LR, SR S AR A
AT B 3 R OGE AR B, PR — 2D W 5 X
WO RS, LA KR IF % AP 58 5 1 KR
#l(Large Eddy Simulation, LES)J5 i MAE L& A% 19
T IR AR 208 2 10 5 0l 2 W AR AH OC 0 i I AR
B P, R W 58 S8 i 0 32 BB R
O A2 i B S UL H SR A 7 B IR

BRIAEIE 45 1 J2 AL 2O 450 b w DL — R
Gordeyev 55 N JF & T 3 B 1Y 3K/ P 4509 i
BN G AE RN R DG SE B BIF SR B 4 i T i g
SRR 74 S BRI S5 DL R Ma=0.4, k& 5 AL
o 0.114m 15T, bR 22 25 8] ¥ J7 AR Bl & 9 fA
AR Ak I O, HE o R 22 0 I i 25 B R O SOl
B4 R X SE Rl 3 4h, EE R RER A
(University of Notre Dame) % £ ZK i MM £ 5
B ML R sh 6 2% S 88 E  (The Airborne Aero —
Optics Laboratory , AAOL) %l H , i & 52 55 J7 1 4k
537 3 2 7 R 0 BR/RE 45 4 A i3 15 i 50
m J&5 WO 00 8 3 A, SEUR A5 SRR S T BR/AE B 4
e J&] L 3 08 A3 B0 016 2 5800 R O A% i A AR R B2
e o) A Ei(E B SR O O T, — 2 X Ok i
B Ma=0.3~0.5 I 3 B 35S 19 Bk E 454, 17
TR BE AL R 25 Ak RO R 22 e it
3 A7 O T A B ST AN R A X Ma=0.6~0.9 1§
B 3k — 45 kg JE TR I B 0 KBl ot 2E R0 N O R
il 52 ) Y (BRI 52 ) B T BR/AE B S5 S 1R
JOCEE W KA B 45 4 S RO 3 40 A AN TR, X P
ANTRL A TG, B AT, A DL B 6 R ) BR /AT T 25 44
Rl VAL 3 X380 ' 27 R0 A AR DG AIF 5% SC v Sk FH B f 5
T EEIFFE Ma=0.5~0.7 5 0L &, 4 1] BR/AE TR 45 4
B3 A 3 B B 06 2R O, I o 3 0 3 2 Ry

1 SR FHH KR E

B 1) BR/FE T S5 0 B R IR g E R R AL N 1A 1
JEoR . G5 ZE a2 AR O 0.5 m A ER A7 b R
# R=0.5m {5 H=0.5m M5+ Bk A A bR T,
e Tr 1) Sk xy Bl B AR S v,z AT, X
W K 5y a5 A0 x Bl e S OB & 8 AL g
K0, XTI RS R R 0=015 L N 458,

Laser

propagation N
D

’

l’ R

MY i

> : ¥

Free stream \
x(z))
H

1 iy B R B

Fig.1 Schematic of simulation model

BF Xz SRR F LES J7 ik, 3 F 8 H b ok 5 bk
B3N 0.5.0.55.0.6.0.65 F1 0.7 1%~ H & R
MU o A . LES J7 i h A% A A R & i
Lilly"& IE J5 #9 Smagorinsky 2y Jj # 100 s i) 25
AR B 2 R 2K 0.0001s. Tt
HA 58 x, Bl 0 € % 6 Bk i R % I =0 A
vi>0 P N RIS o S L . THSE KB x, Ly B
A1 433 A 13 mx2 m, A 72 710, v,=0 %
PR S, BRE TR 45 by 35 18 >R 4 35 G i 7 BE 1
NI =R R i ih 5t

2 BEFUHER

AT A A bR R T W BRI p(xynz)E L

B HL I B o SO AL B I B JR) b AR B 2R T 45 R

p(x,y,z), e e it A T B AT O (BT, 3 AE O iR R
PR BE B A R AR L . B s e XN .

p'(x.y,2)=p(x,y,2)=(p(x,y,2)) (1)

A ()RR AR R xy 1 R F MY, %

BB RICH p' e AKX )T HERIGERE 2 19
2,1 ZEMIHARERZRENT K

A T AL D=0.5m B0 T E sy

1211002-2



roh 5ok AR

% 12 &

www.irla.cn

% 45 %

W p' s BV TR L 2 974 S5 2R ANTE] 2 FToR

0.35

—=—Ma=0.5
0.30F ——Ma=0.55
——Ma=0.6
0.25} —Ma=0.65
E 020} —*—Ma=0.7
OO
= 015t
<001}
0.05}
0 -

Bl 2 p’ o BE T 5 B A2 4L
Fig.2 p'.ms vs depth of flow area

] 2 5 L 5 7 161 BRAHETE 25 H R FEL 03 00

B 2 0 BT RS L S T — R e
2 A R ()M A

A e @)

e A Q) BEAT B 5, A W] R i 3 1 O T
BB TT Z U RAE TN S BN E R 1o
A, &5 R IR Reduced x* 7E 107 & 2% ,R*>0.995,
TG S B =60 BT A BOR S

ZHCA, HIRIFEIE S5 R p' s BIEUE, 2R
HJ102kg-m>; B, TR plos W/NK ALY e, I
DB R B S5 R R WS R G fLAR R — 4,

RK1ARRBREER p' . Sz XEBUEER

Tab.1 Results of nonlinear fit between p’.,, and

z at different free stream velocities

A,

Ty,

B,

O,

Reduced x*

RZ

0.6

0.65

0.7

0.016 9

0.020 5

0.024 9

0.028 4

0.032'1

0.000 1

0.000 1

0.000 2

0.000 1

0.000 2

0.226

0.219

0.207

0.215

0.217

0.005

0.004

0.004

0.004

0.004

1.23x1077

9.21x1077

2.18x107°

1.89x1077

2.19x1077

0.997 2

0.998 6

0.9978

0.998 5

0.998 6

2.2 ZEHBHHFREEKRIE

ErREK
>k i ) AR AL 2 5]k B/ B 2

&K R B

B A AR AL PRI p’ g K B K AL B ) AR Ak
Ak, B34 T D=0.5m B},
0.001.,0.025 1 0.1 m LT, p’ s B N 0 T 1 09 AF
b, SEA RIS B AR R p e B K U0 2 B2 1Y

{)lu%fﬁr%ﬁ”?'f

4R R, z=0.001 m &, Ma M\ 0.5 ¥ FE 0.7 i,
p/rms i‘l—'/tT‘g()%O

0.35
—=—2=0.001 m
—o—2z=0.025m
0.30 —a—z=0.1m
e 025t
0
<
L5020+
Q
0.15
0.01 i . h i i
0.50 0.55 0.60  0.65 0.70
Ma

P 3 p' oy Bl K U 6 451 25 AL
Fig.3 p'ms Vs Ma

FERNDFTRBEILENT L

% AR B ¥ 0 MR AR A O — AL AR Y TR A &
W s LR RS 1Y SRR SO R TR S
B3R 0.5 0.6 1[G T, p' s 7E D=0.25~0.75m i
Bl PR Y B0, 285 SR AN T 4 T < p” e BRELFLAR B4 385 K0T
R, LA 0.25m 38 E 0.75m B, p' o ST 465

2.3

0.40
0.35}
0.30F
0.25}+
0.20F
0.15F
0.10F
0.05F .

0.250

-3

/kg'm

P md

0.500 0.625 0.750

D/m
K 4 p' s BEALAR (9722 4L

Fig.4 p'ins Vs D

0.375

3 EBEHEER

O 22 W R P B A L AR i By, =
[F1] 249 75 AR AT LS e 3 3 8 G v A B 4 D' 0k 4 5 o AR
JE R A S O I SR

JEREZE A LA IR N3 EAT 5

2

Lo ) =Kep ) | pryddz (3)

A LR X K, (MR G-D R, 2k

KN I RRE, TEITL0A 2 P 20 AP BE T K (M) Bifi 3
KARRAR /NG SO K (V)=2.24%107"m® kg™,

T 2223 () ¥ T RAC R ropp , IS IRB) AT, B2

1211002-3



oh ok AR

%12 &

www.irla.cn

% 45 %

?}ﬁ%lfiﬂﬁEVLﬂ'JIZI@I HF p'(x,y,z) EFLEEFR
Tt R 1) BRI B, B ropp AR L AR R A R 1) bR B
3.1 J‘cﬁi%i’]ﬁﬁlﬁﬁum EERZTL

e TR TR R i B EE S LR, D=0.5m L
BAGHE MR 22 A R 5 i, 85 4 TRk
TG T rop B SRR L 1924510, 258 oR

ISR rOPDZEéLOPDExyEF‘ﬁWE/‘Jf’EI‘Eﬂﬂ’jﬁ*E,
MBS EA ropp SRR ER .
rOPD('x’y)=KGD()\) J p/rms(z)dz (4)

RN ()AL 2K () AT X [A) — S Vi RE
BRI ropy SAIEIE LT LI BRAR(5)BEAT 4 -

roe W %5 T 1 J5E HE () 5 A0 T 44 K, 3F ELAE L>0.5 m )i ropD=C+A2e_’§T )
BT RE  RUE e pm B4,
ol WEAKXG)T ,ZH CH L= IEHT r,,, 1
BUE, RSB EZ NS E; LH AKX @)
ol 51— R RO F S8 B, 5 B, g b 2
£ o HIEH) BT C+A,=0.
" oaf ——ta-oss 2 T I S(5) AT LA R 4 5 M
ol i%ggf aaE R, 45 R BoR Reduced ) 1E 107 & ¢, R>>
0 02 04 06 08 10 0.995, MG SEA AT AR 52
(K 5 [ of i 0 B A 00 rLo/::BﬁmuiﬁJ;TEEU/}E% &SRR S HB, 5 B B2 A IR
Fig.5 rop vs thickness of flow area at different free A C+A, =0, 8 UG RO B
stream velocities K T BUE B Ty 4% B S 3) TSRO R 22 1
R2ARRBEER p' s SHRBEE L XEWIUEGER
Tab.2 Results of nonlinear fit between p’,,, and L at different free stream velocities
Ma c oc A, o, B, o, Reduced y? R
0.5 0.822 0.006 -0.823 0.006 0.174 0.004 1.49x10~" 0.998 7
0.55 0.988 0.007 -0.987 0.008 0.178 0.005 2.28x10™ 0.998 6
0.6 1.15 0.01 -1.14 0.01 0.173 0.005 4.12x10~ 0.998 1
0.65 1.34 0.01 -1.34 0.01 0.174 0.005 4.44x107 0.998 5
0.7 1.53 0.01 -1.52 0.01 0.175 0.005 5.49x10~" 0.998 6

W B A R R B, SorhoE R
XS L Ry . T R O R 25 4 5 AR A X IR 22 o
(gorp=ropp—CI/C) /N T 0.1% B , A X (5) L 7Y & /)
B o 3CH rpORE 1) BR/FE T 25 4 A TR U 1 7 8D o 2 X3
MR R L=1.5m, J& SCH 1 3 0 4 BA X (3) 5,
Uy EBR M L=1.5m &5 5L,

3.2 RiFRE XT‘\,E’JJ'E?—X&FE’]E’HH
FAE F 4 M, E R G R 25 B JT I Zernike £
Tt =X 4 A

high—order

Lopp (x",y")=A+[B(2x" )+ C(2y")[+Lgppp,  (x',y") (6)
K x My SR — e SR A bs, HAES x iy
SR 22 — A Lo B0 B0 A 206 JET, R Loy, (x,y7)

E X"y N A 5 [B(2x7) +C(2y" )] S i A
, B R A fi )OI B B SO Ot TR AR 5 R B I

high-order

Lopp  (x",y") 5 W O IE 375 't BE L AR A0 2l 5 %5 2
G

SR BEE ST Bl O S RO A SO I 5 0 B
{E D A W2, PR, TR S0 8 B B D

gh—order

JeTE % Lo (x ") BHCES L 7 AR vy B4 5
By AT 00, DL R F 58 A [F) 2 80 0 1 sl ot
E VAN EEN

64 T RIFLAE D=025 m BT, rZPDFﬁ
Kt R B TE AL, 45 REY] . D=0.25 m I}, rOPD
76 107 wm & 9%, I H R i 3 B B "opnﬂjt I

1211002-4



roh 5ok AR

% 12 &

www.irla.cn

% 45 %

Bl OGO Bt R Y T S KT R Ma DN 0.5 3
0.7 o 1T 90%.,

0.45} ® Numerical result
— Guide

0.40

2035

5

- =]

LS
0.30
0.25} /

0.50 0.55 0.60 0.65 0.70
Ma

6 ry b Ma 754k

Fig.6 ropy Vs Ma
3.3 % BH7LE XS B 3 2 %R B0 B
H1 2.3 5 AT, p e B FL AR 9 588 K T 1 K, X
MA@ AT ro R SHILR RS, 74T
Ma 535145 0.5 Fil 0.6 15 BT oy B 5 S FLAR 1925 4k
T, G FI  r B S FLAR BT A, FLAR M

0.25 m ¥ % 0.75 m I, o BN T 4 45,

20} *—Ma=0.5
°—Ma=0.6

151

1.0

i
7 opp/ LM

0.5F

0.250 0.375 0.500 0.625 0.750
D/m

7 ro B D AL

Fig.7 rop, vs D

34 RRELERRIT

T KGR 2 B A IE W, S o SO SR A
T M (0 BRI 454 R BB 4 RO R 25 L 4
T o BB B9 AL I B, I 5 Gordeyev 4 ALY
TG o 5 1 2 0 WOk 4 SROEAT TR, L 8,
GERLFET . SO IS (A 2 5 AR 5
S5 (E8 T WES i) iR I H o bR 5
611075 A R H8 s 15 % AT HR I 98 45 5 — B, Gordeyev 15
i Malley ¥ 90 2855 SR , S B (LR 10 465 S8 T
Malley M5 45 5% (K 8 1 Malley k), i 5 iE
TR Y

0.10

- Numerical result
- WFS
-o-Malley

E
< 0.04}
0.02f %

60 70 80 90 100 110 120
0/(%)

8 1o, b 0 25k
Fig.8 7., vs 0

g 0.06

4 KBNS F RN F L E R #

BN SR Y B AR AL AT BL 2 (7T
2

high—order
Sey)= 2T Lop ™ () (M

BRI RO O N ER Sk & 0, OO IE A
T 0T, OB A=1.315 wm , £ KT 25 20km,
W5 3h 2 850N X I AL i 1 52 B4 RS
A0 2 20 O A s 0, BO% E A L 20km )
i 3 % BE 0 Ty 6 85 B 114 AR Ak 43 BT R Bl O 2 0N X
WAL R
4.1 EHERRKIE

VEAS S Bl 24 800W X 378 37 0 2 80 i 3 18
Strehl [ R, ZEAH LA IE R KIIE I T Ry 5 lx,y) 1Y
25 TR e, y) BAT LA e R 119,

L=R=exp(=4,,) (®)

A LT B I 2RO R T SO S 3 R i 8 3
S T, O 2055 1 B3 45 10 R I 068 {1 3 5%
WRE OH T W AIE G S SR TE A, SO
H T Ma=0.5~0.7,D=0.25m .0.5m 1 0.75m, K%
1 0=0°~601% B T B OE AL 5 Y hems S XS ]
(25 Rso T O %5t T B iy 20 FHC (455 400 25

Kl o4 LW dms<2.0rads 00T, FH
BT 3512 B 1Y poms 538 55 Ry 109 5 32 4 U036 2 0
LA R(B),

WAL 3 WA AT, B, B KR
AL AR M A8 AL T A8 A, i 4 30 (8) AT A, KB
S 25 A5 R X K 1 9 5% R 32 B B AN B
{9 5% 1

1211002-5



oh ok AR

%12 4 www.irla.cn % 45 %
TPt gte. R Ry Bl S ALAR B3 KN, )fF B D=0.75m 5
‘\L\Q“\ . D=0.25m X B Ry Z tb/h T 0.1, I, &5 L4
V o K 7B 2 R O £ B 1 B K
‘ﬁb 0.1} ++++o .
54 i
*lg RS:_d)?ms R
poi| °Nemeralreals S e R IR T M T H kD
0 03 06 QSO-? d1-2 15 1.8 B Ma=0.5.0.55.0.6.0.65 Fl 0.7 1F & T, K m) B/
B9 1gR, 5 g X R FE I 4 K0 JR L 00 30 5 i b 5 SRR 01 3 4R B)
Fig.9 1gRs v$ o ¥ 05 MR AE BR/RE FE 3% 1 BRI OA B R KM, B R
5 5 102kg-m™ 525 FL% 0 30 1 77 45 B o4 3 06 i e
42 T‘”;r'j" ERRTSMALBMRIBOE 1 gk v AL 2 60 8 8 K K
Eﬁu

K 10 4 T D=0.25m 15 % F , Ry B K ¥t i J&
B AR AL O, 45 SR R . Re<0.25 , R, 3l G # R hy ™ &
WS T BRI Ve (H T R I HOR W R,

Ry /N, W% Ma M 0.5 85 % 0.7,Rs M 0.236 T ¢
7 0.045, % b, S 6 RN 0 OGS A R KR
M), I L33 A 52 e i 2 ok U S0 R A 1 0 1 5

0.25¢ ® Numerical results

— Guide

0.20

0.15

0.10F \.

0.05F \'\.

O.ISO 0.I55 0.I60 0.I65 0.I70

Ma
[# 10 Ry Ffi Ma 7% 4k

Fig.10 R5 vs Ma

43 AEEHILEBERTRIAEZLE T H AR EHE
Sp=A|
AT Ma=0.5 1 0.6 T, & SHFLRTE
0.25~0.75m i B N [ Ry, 25 AN 11 Fis 451 B

0.1

IgR;

0.01F

0.250 0.375 0.500 0.625 0.750
D/m

11 1gRs ki D 22 1k
Fig.11 1gRs vs D

T T R3S R 22 F1 3R AR 3l 6 F 3000 5% 59 1Y
SRR NF R ES IR B R R, &0
LN O0S5Sm HFR T, o222 MBI RAERMKE
e, BN B R T R B RN Kk S FLAR A 3 R
Wk R HHALE R 0.25m TEBL T ,Ma M\ 0.5 1 & 0.7
s BT 90% 5 Ma=0.5.0.6 1 5L F , L2 M

0.25m 8 % 0.75m i, o BN T 445, B, R
M B3T3 T 306 Strehl e Ry, 45 - £ W . <30k
A X O A% A AR RS, O HL R B R I
0 LA B 1 R0/, B 8h o 2 00 x ok
1% i 1) 5% el B A R Ui 0 BE R R S FL AR Y 1 R T
5 ;Ma=0.5.0.6 B ,D=0.75m 5 D=0.25 m %} i #Y
Ry ZI/NTF 0.1,

S 30k

[1 Wang M, Mani A, Gordeyev S. Physics computation of
aero—optics[J]. Annu Rev Fluid Mech, 2012, 44(1): 299-321.

[2]  Fleck J A, Morris J R, Feit M D. Time—dependent propagation
of a high energy laser beam through the atmosphere [J].
Applied Physics, 1976, 10(2): 129-160.

[3] Gordeyev S, Martiqua L P, Thomas M, et al. Aero—optical
environment around a conformal —window turret [J]. AIAA,
2007, 45(7): 1514-1524.

[4] Gordeyev S, Jumper E, Vukasinovic B, et al. Hybrid flow
control of a turret wake, part Il :aero—optical effects[C]//48th
AIAA Aerospace Sciences Meeting Including the New
Horizons Forum and Aerospace Exposition, 2010, 0438: 1-17.

[5] Gordeyev S, Jumper E. Fluid dynamics and aero—optics of
turrets [J]. Progress in Aerospace Sciences, 2010, 46 (8):
388-400.

1211002-6



roh 5ok AR

% 12 H www.irla.cn % 45 B
[6] Jumper E, Zenk M A, Gordeyev S, et al. Airborne aero— Chinese)

(71

(8]

(91

optics laboratory [J]. Optical Engineering, 2013, 52 (7):
071408-1-11.

Arunajatesan S, Sinha N. Analysis of line of sight effects in
distortions of laser beams propagating through a turbulent
turret flow field[C]//43rd AIAA Aerospace Sciences Meeting
and Exhibit, 2005, 1081: 1-10.

Ladd J, Mani M, Bower W. Validation of aerodynamic and
optical computations for the flow about a cylindrical/
hemispherical turret [C]//27th AIAA Applied Aerodynamics
Conference, 2009, 4118: 1-9.

Guan Qi, Chen Zhihua,

Du Taijiao, et al. Numerical

simulation of aero —optical effects of a laser beam

propagating through a subsonic hemispherical/cylindrical flow

field [J]. Modern Applied Physics, 2015, 6 (1): 32—36. (in

[10]

[11]

[12]

[13]

1211002-2

KA, Brasdl, kbR MR, S HBR/AE I 3 0 OE 1%
52 B B AL, BSOS A B, 2015, 6(1): 32-36.
Lilly D K. A proposed modification of the Germano subgrid—
scale closure method [J]. Physics of Fluids, 1992, 4 (3): 633—
635.

Moin P, Squires K, Cabot W, et al. A dynamic subgrid—
scale model for compressible turbulence and scalar transport
[J1. Physics of Fluids, 1991, 3(11): 2746-2757.

Mahajan V N. Strehl ratio for primary aberrations: some
analytical results for circular and annular pupils [J]. Journal
of the Optical Society of America, 1982, 72(9): 1258-1266.
Mahajan V N. Strehl ratio for primary aberrations in terms
of their aberration variance [J]. Journal of the Optical

Society of America, 1983, 73(6): 860-861.



