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A review of uncertainty quantification methods for
Computational Fluid Dynamics

. ,* . Lo
CHEN Xin', WANG Gangl » YE Zheng Yin', WU XlaOJun2
(1. School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, Chinas

2. Computational Aerodynamics Institute of China Aerodynamics Research and Development Center, Mianyang 621000, China)

Abstract: With the rapid development of Computational Fluid Dynamics (CFD) algorithms and software,
CFD has been playing an increasingly important role in various fields involving fluid mechanics. However,
unavoidable uncertainties in CFD simulations have great influence on the numerical results. Therefore,
developing CFD uncertainty quantification methods which characterizes all major uncertainty sources during the
simulation and quantify their effects on the quantities of interest can not only satisfy the demands of CFD
credibility evaluation in engineering practices, but also support the precise design of aircrafts. The development
and application of uncertainty quantification methods in CFD are summarized in this paper. Firstly, the premise
of CFD uncertainty quantification, i.e., uncertainty sources are introduced. Generally, uncertainties can be
categorized into stochastic and epistemic ones. Their corresponding uncertainty quantification methods have been
proposed. Then the development and application of uncertainty quantification methods are surveyed in typical
CFD processes including the geometry generation, meshing, turbulence modeling, and inflow conditions. In the
end, sensitivity analysis methods are introduced, which are used to make out the influence of different
uncertainty factors on numerical results. Summarizing the previous work on uncertainty, suggestions for the
future development of uncertainty quantification methods in CFD are given.

Keywords: uncertainty quantification; stochastic uncertainty; epistemic uncertainty; mixed aleatory-
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An analysis of current status and prospects of CFD
based simulation of rotorcrafts

XIAO Zhongyun, GUO Yongheng*, ZHANG Lu, CUI Xingda

(Computational Aerodynamics Institute of China Aerodynamics Research and Development Center, Mianyang 621000, China)

Abstract: Traditionally, the aerodynamic design of rotorcrafts relies heavily on engineering analysis
methods such as lift line or vortex theory. Nowadays, however, high-performance computing makes the high-
fidelity first principle simulation possible by computational fluid dynamics (CFD) methods. Based on the
characteristics of rotor motions, some particular CFD methods are introduced and compared with those for fixed
wings, and the shortcomings of current CFD in engineering applications are pointed out. On this basis, the
development strategies and technical routines of foreign advanced helicopter CFD softwares are discussed,
whose numerical methods and related technique merits are analyzed from multiple aspects including multi-solver
coupling, dynamically adaptive mesh refinement, high-order schemes, turbulence models, and multi-disciplinary
coupling analyses. Lastly, some suggestions on rotorcraft simulations are put forward to satisfy future needs. Due
to the coupling between rotor motions and control inputs as well as structural deformations, results of CFD
simulations in the way of part-by-part analyses or single-disciplinary modeling deviate from actual flight states.
Therefore, future softwares of rotorcrafts should focus on multi-disciplinary coupled solutions and high
resolution of rotor wakes.
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The hypersonic boundary-layer transition: a perspective from
the view of system design

LI Zhiwen', YUAN Haitao, HUANG Bin, ZHANG Zenghui, YU Xinyuan
(The System Design Institute of Mechanical-Electrical Engineering, Beijing 100854, China)

Abstract: The boundary-layer transition (BLT) has a great impact on the performance of hypersonic
vehicles. Typical BLT problems are reviewed concerning hypersonic vehicles with four different types of
trajectories known as ballistic reentry, maneuverable reentry, hypersonic glide, and hypersonic cruise. Relating
issues are discussed including dynamic stability, trim, impact point dispersion, thermal protection, vehicle weight
reduction, and propulsion system optimization, etc., all of which can be attributed to aerodynamic force,
aeroheating, and mixing efficiency that BLT impacts directly. Potential methods are suggested to control BLT for
system design including adjustments of trajectory, wing load, and aerodynamic configuration, and selection of
proper materials, etc., for drag reduction, aeroheating alleviation, and mixing efficiency enhancement. It is
beneficial for system-design institutes to utilize quiet wind-tunnel and flight tests to acquire more experience and
knowledge about BLT. Efforts should be made to enhance the capability of developing efficient and precise
theoretical analyses and prediction tools.

Keywords: boundary-layer transition; hypersonic vehicle; system engineering
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Extension of the global-direction stencil on high-order
unstructured finite volume methods

KONG Lingfa, LIU Wei, DONG Yidao
(College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract: Gradients and high-order derivatives reconstruction is an important process for high-order
unstructured finite volume (FV) methods, in which the stencil selection plays a critical role. Commonly used
stencil selection methods depend on the fixed topology relationship among grid cells, thus the characteristics of
flow fields cannot be well captured. Besides, with the improvement of the computational accuracy, the stencil
size increases dramatically, yielding redundant stencil cells and low computational efficiency. On this basis, the
global-direction stencil developed from the second-order numerical simulations is extended into high-order
unstructured finite volume methods to make full use of the spatial extendability and to reduce redundant stencil
cells. The effectiveness of this novel stencil is verified by a flow with manufactured solutions and a supersonic
vortex flow. Compared with commonly used face-neighbor and vertex-neighbor stencils, the stencil size is
considerably reduced, and the computational accuracy is greatly improved. In addition, the stability of this novel
stencil is superior to local-direction stencils. As a result, the global-direction stencil has a better numerical
performance in the third-order unstructured finite volume methods, and it is feasible to further apply it in high-
order numerical simulations.

Keywords: high-order unstructured finite volume methods; stencil selection method; global direction; local

direction

Wis B #3:2020-06-15; 11T HHA:2020-08-03; A H#A:2020-08-105 L& H A ): 2021-09-10

EETE: 5 TR H (GIXM92579)

EBEN:FL 2K (1996-), 5, Wl =M, WL A, §F 5875 1 th SRR /)% 5 8. E-mail: Ifkong_nudt@163.com

BEVE S 3 SGE (1991, Y, BF 9277 10 HH ik /7255 B2 F. E-mail: tianyatingxiao@163.com

SIRER: L4k, XU, 2 SUE. 4R 7 ARARTE mbs S AR S5 R BRAR B i iOHE ™ (7). 233l 0242741, 2021, 39(4): 39-50.
KONG L F, LIU W, DONG Y D. Extension of the global-direction stencil on high-order unstructured finite volume methods[J]. Acta
Aerodynamica Sinica, 2021, 39(4): 39-50(in Chinese). doi: 10.7638/kqdlxxb-2020.0080



40 ol | RN B = S

539 %

0 531 §

AH EE 22 B 28 K A0 I A R ER R R I A, A 285 44 I
AT A 4 R0 1) AE 7 3K 3T 4 SR Z T iy CFD B
TE 55 2 A B s U, (R S A M R 1 i A
F, — AN R A A SRS AUORG B2 1) 7 & T 4 A8 15 f
RGOl Bk, S AT R oo 2 T AR
W A% P 5 HICSROVE, SR S B 1 Bl A O s A S G v A K
RS —.

H T, EF 0T S50 Wk B0 I BUE Tk 2 B A
TR R A IR AR AR T T, %07 VR R AR B
HiH 2 BT B B TR 2 00 4 mE B, 40 ANSYS
2 A FF R 5 Ol B2 Fluent, BA & NASA FF K 1)
In-house % FUN3D 2", 8 TR m 5% 53
W5y # 28, AR 2 53 SR LB U v 1) B v R R A
U R T RS B, RS R ARG M A BRAR AR T
R SEI, BT 7 SN 2 B m AR A R SE I
B K 2 30 AR 40 A, 300 5 L 3 M) 4 ) 4k BT 1) v B <3
B k&M SE N EHK, Barth 5 Jespersen! ™™
F AR T k-exact K 5%, Ollivier-Gooch 251921
FE LA B T RAT B B I AR 2 R A PR AR
BHOTE, FF RGN T ARSI R EIES M FV B
FSCRI RS AL A 1 38 B 5 R AR 2 i R, DA R it Zeid
Wb SR — R A)

7 e B A, AS [RBEAR OG SEBR TE B O3 2 B
EEEHh SEERTR BGEEENm, Kk
oy WIT R 7O R G B T . SOk [11] 32
HT —F “%Ee 0~ (Smart Augmentation, SA) 15
BRAE 3% 7 i o R L TSR 1) B Al b, AAFRl &8 i BT
BN R 3k SRR SR T — AN O BT iR
IHERIG. R EEERTHEEE L, RS8R
HILAEYI A . N T S IRIX — 0], 7E SA BEAR (1)
fifi_E, Schwoppe 21! 4k 252 M\ 3 SRR th %6 6 85T, LA
o0 d /)N e B 1) 2% #F H . Nishikawa 76 SCHR [22]
WEFL4E R ZIE R T — M B ok, HAE
AT Mg P ERE R ZE . A iRX— 1
7, Nishikawa [F] F 5 - BRI I b 52 g, Heod
— AN T G A A B e SO AR ) X AR A T3 A —
P LI/ B /s — e B 22 48 Frobenius 305 £ 4 18] £ 0
A, AT P38 ARG B8 A 56 52 1) 50, DA 9 v B0 AU 1)
FasE . HBHR A2, X — B A& 77V — E R R
b B AR T B A DL IR B HIORG

AT b R %6 % 75 3 Xiong 25224 g xof —

WA B AR S5 R AT PR SR T — Rk TR A 5 A 1Y
PR 6 77 3, A A5 AR B0 P AN R BT AR R
BEAT o I PR AR I8 35 T A AR S5 4 W A% )20 AR B
H SR ABL 45 4 W B 5 R AR RR AL B T IR AT O BLAE %
[ [ 4 PR = A1 T2 DX A% b, e e — A J) 0 077 17 42 3 B
08, 55— AN J7 YA R R, B RO Sk T 451
WIER I ) EAR A DL . (A & 1A 7
=R L, BT F A AR A T 1) e S B T
i ) A 22 AR K, 3 B R v e S R

FE J FB 7 TAI RS (0 ik iy =, A SCA 3 A8 BT ) L AF
KR T T B4 R T PR e ),
i R R AN, T A BE T R AR A A R e
F4, T A B R T R AR B T R 5 U T RE 2 M A
PLEETR A AN E R o BRIk, Herh— A& )R J7 [ )
W 2t B T v 1] [N Dy 7 A AR LA B 10 3 [ S
JEAE, I O B S5 AL R AL, 53— A5 AT B A . A
bt b3 LA S A AR AR, 4 JR) 7 T ) B R S ] A 4
it 1 T 6 X A% 1 X R AR R R FD S 0, S L E 9% HE
SR WEFEI AL o E B A B AR S R A BR AR BT
ok SR ZE AN O 0 3, 5 5 S T AR AR, JF BB
7 R K D, R R A B T SR ) [ I
AR T E I .

A SOR & R 7 FRSEARCHE ) 2 B = [ R R4S
F EV SR A AR BBl AE v B G B B A0 1 1
FRCR . CEKSAEHWT: 5 155 W T mPres
JE AR S5 M A IR A AR 7 9 1 5 ) 7 R R B k-
exact 554 (R HE AR G B 5 2 W F IR T A A AR
WG T7 i, JRRUR 1 4R U7 [ BB 3 07 VA 1 T 2
B AR, fa] EARTT T AEAR S B A% AN E L
SE 2 R U7 1A A B AR S 5 3 1 0 I I T 4 R T A
B AE P S HE S0 B R DA L, R K )
7 TA RS ARAE e B R B A S A A R AR 5 o i B
R HATHEN TALSERE T P TIERE.

1 FEHBERERTTIE

1.1 EHlAEE5EH
TR BN AR 4 B 45 ) 7 B R

%JI&MV+4ﬁmends:0 (1)
74 1%

KA, w AP IEAL &, Fo(u) 90008 &, n P HIE A
F AR R R, V5oV o MACRIR D 1S B 0 4
WA RS FV B EGE R, J7RE (1) 8 AT
PR HON:



54 FLA R EE: 4R J7 AR AE e A B2 45 0 A BRAR R D7 vk e 4 41
5 N, N ¥ R R A
E(aV)ﬁ(ZZw@jk.njs,- =0 @) N o

J=l k=1 i Ri(x—x;) =ul, + 5‘,(,(’“_)"'”57 —-yn+

A P a2 B G L P A, i T Pul Gox?  Pul

03 3 76 T 00 A B0 £ 30 DSk i ) DA ac|. 2 T axay| WO

HERE, DRIt B BRI Lo S, S8 75 31O\ AL 6 3 L 43 Pl -y |

. IR Q) P, NACR IR ACR . No A0 4 2 a2l 2 T )

JETH A TR 53 2 1 B 00y 15 @y 53 A AN T L \

B AU BB R B B B,y 5 5, M e by e PR S HIEROA:

AN RS TR B 14T B %vai(x_xi)dA:%jvu(x)dAEai )

AR 2 K B AR BB O S A AR B s 2 B iV iV

7 A7 805 2% AR ) SR R 0 AR I R i, w55 DRI, 4 T M SR RO BTG BB TT A

w5 IR % T AL B A B T A A . TR i R TE T S S S

T R4 A SIS RN, 0 TR 2 A B =t el 0t Gyl 7 | Y

A1 S (L B o 07 A A B AR S R B Pul 16| - '

W@yxxyiﬁria_)ﬂxyziﬁrm (6)

Gauss point

B1 FEMERERESHRESHSEENETER
Fig. 1 Sketch of high-order unstructured finite volume
discretization and flux construction

ou ou
up = 5| im 5| G+
8*u (x;— )cm)2 8u
ﬁi7+mi(xi—xm)()’i—)’m)+
aZ_u (yi_ym)2+.__
|, 2
ou ou
u%:u,»-i—aj(xj—xm)+ 6—y‘j(yj—ym)+
2
i T U
a2, 2 e A
2
8u (yj_ym) .
oy, 2

3)
o, w Sul oy AR 2 AT ()28 m A 2y A AR &
B A (s y)s (x5 3y) A BT 0 AR R X,
Vi 9T T AR AR AE . FE A9 B A AR R B R A
b, AR A kG R
1.2 k-exact i
TE WA 2 AR 25 1A FRAR AR I v, a3 SR H i
N FTTEEM R ITHL L, T B T RN Ty
VEHAT R PBUR T VR R B i LR B2, DR A
FT R k-exact J7 AR SR BT HE S E i S E

2 rym, AR ZE JUAT &, Ollivier-Gooch %5 76 SC ik [20]
Hr s By 42 N Moments, H R 1A N

xnymijEA_j V; [(X - Xj) + (Xj_Xi)]n[(y — yj) + (yj_yi)]mdA
- NAY m! n! T
_gélwm—l)!k!(n_k);(x/ IORGIEE)

_ 1 n m
X = o JJ; y (=) (v=))
@)
Frp mym 7R A AR 4 0 45 31
1
T (n+ 1)V Jov,
T, BT T B AN R R x S
Z 7 2 (6), £F XAT B AR B o0 38 v A i — A
2 I, I e & R R 7 R 4

Xty (x=x)" ' y-y)"n.dS  (8)

1 X y x2 Xy y2
Wil WX WY WX WXV WY
wp WPXp WPYp WpXlp WPXYp WpYp - y
Wiz Wi3Xi3 Wi3yi3 wizx?3 Wi3Xy;3 wi3y2i3
WiN WiNXiN WiNYiN WINXZiN WiNXYiN “)iNyziN
u
ou/ox u
ou/dy wilk|
Pul20x> | | w242
) = | wius
0°u/dxdy
u/20y? :
) WiNUN
i ©




42 ol | BN B = S

539 4%

iR B — Ay R AR R W 2 B R A, B
ST AT DR M
1

Jxj—xi

2 Z B R R R 5 b AR A L AT B AT 3 R AR AR
Joxt EAAEE R . RS BRI S 5 AL
R BE A, WO 2 ROT AR B T AR R R

%}._a_u— _1@;._ Pu bay
ox™! ayy’ 20x27 "1 Oxdy Vi 2 9y

(11)
2 s B P SR B TH S50 5 0 T e 34 s A 0 22 A IR S R
i, DU 2 s A AU

2 BEHEETIE

AT BT 24 /R Tz i 3 R R DL
JR3 8 5 TRV R 34 5 5 1k ) 2 A JEL B 5 A A Y e O
FEBLIA b, 45 T 4 R U PR AR i 5 U7 vk R A i
PR HRBRCR .
21 HI5HERE

e RO DA K 3 TS AR (14 B FH B o )32 FL
T W RE F 41, I3 T A AR BOR 4% il B AR T
Ko o L A S A T RE I ER, W0 1A] 2 B, i A
A T X% B e T K ] R DR AR 3
G AR R T B G KT S T R AR (1 S A
i, IF HREE RO, s iR o BT

(10)

w,-j

uy=u; —

3 3 11 2 2
2 3 12
3 2 2 1
, 12 , 11
3 ,21 15
1 2 5 1 101
3 2 8 101 2
(@) HTEAR () F SR

2 HEERS H SRR
Fig. 2 Face-neighbor and vertex-neighbor stencils
e A, T i RS 328 45 77 3R AR T [ ) ) A
TR R AN TR B oA A R e B AR A, JF
L PR AR 5 AL EE R SR At b, AL 2 I0R
TG, JUH R HEAT W B S B A I, TR AR 2
BEZ, BB 28, TR B ou i R
PR RS, TR 5 25 48 T ST 4, PR AR .
22 FERT R
bk b Bl R AR A7 7E ) ] R, Xiong 45 P2
I T TP J 8 1) ARSI 35 5 92, IR A ARAR
BT AT RO T T A AR e B e, I H
7 25 T [F] 4 B B8 B BUINK = A TR A L, TR AR 38

7 T 3 AL A B T ) S ), AR RS FE AR S5 A
PR SR fift e b B T Lo s B3B3 30

Wil 3 fros, T WY AT 5T, JR 8 T IR A2
K B0 G PR 4H 0 30 H RSO 26 TR A B = BT R,
AR = A BT B — AN T A R DY 3 B — 4kl
RATT B FER L RR Y IR A7 H B T AR AR =R
T B FRD JR B0 7 1 24 TR M 75 SR P B T et v )
( Advancing Front Technique, AFT) K 52 #5 & H J7)
7 A T7

® Degenerate point
® Cdll centroid

— Local directions
3 mIpES=RAREATHNERAEAS
Fig. 3 Local directions of quadrilateral and triangular grids
Bt O0E = AT W, 22 T B 1A T VA AR B )R B
Ji A A SR 4 s, AR AT BLE B, K
%A T8 ELBOR I, H 55— R B8 T7 i) Ll 25 B T 1

A Grid cells
—Local directions

TITT 7777777777777 77777777777
B4 =RAENERTHESRATEAES
Fig. 4 Combination of local directions in a triangular grid

FEBH 78 JR3 8 77 1) B B il b, WIS AR PN DT [ S
AR TT . WR G BTN WU I, W JR T 1) i
PR T S b bR L TR AR T .

5 T =M IT BRI IE T . R
T AR IR R Bl E R Py S BRI IEFE
A J=) B 5 1R SR Ay d K BT R A E I R
FU7 S MR AN (SR TR o R IR B i
5 e Bl THI HE BE 55 % S 4 Wk B2, ARG B8 n 17 i Ak B
PRI AL PRI o

BEAh, G0 B 6 7R, 24 A% K TE B BN, JR TS
[ RS AR B TG JE AR I A B THIVK 17 55 YA I, {ELAE o8 B 4% 1]
SR R L e TR AT A AR AR S S O S T 1]



% 43

FLA B8 42 )R 5 T AR 7 v i R 2 AR 45 K BRAA B D5 ik P B 4t T 43

TR EN AR % 18] 4 e P T B o 28I, 72 SR R A% L
R 34 5 T ASARO M AR T S R Y. DR, ot i
— I A, G D) R B A R R AR A 3 U5 3, g
FRIBE PR 30 T B L3, JF HE R ST I B 10 % e S 4

= Degenerate point

— Local direction

— Connection of two
cell centroids

E5 =RAEMNENERETHEE

Fig. 5 Stencil selection on a triangular grid

/

A Grid cells

A Centra cell

A Local direction stencil cells
—Thefirst local direction

(8) /MK LR A%

A Grid cells

A Central cell

A Local direction stencil cells
— Thefirst local direction

e

(b) KA TELL IS
B 6 AREHCEL Wi LS EERREE
Fig. 6 Diagram of local-direction stencils on grids with different
aspect ratios

2.3 2/F ERER

A5 JR B 75 R RS R R Atk b, FRATT B R R AR
ZENAT IRAR BT i R e T — i 4z )R U5 AR Sk ¢ 7
V55 %7 VR BT A R RS BT 8 ) SR A
[6], T T SRR AR T R . DRk B 7 B, B
FERA B8 b = A B M L, 42 R J7 ) AR R 25 U 4 BE
THTVE [7] 5 9L 170 » 0% 1HE 0 478 92 8090 37 1) 45 TS R AR A

HARTH, 4K 4R 75 AR S TT ) 73 N AN 2
R, e R BB S bl BT It R BLR BT AR A

FE UL BE Aty 1, 3o oo 5T K L ART H o 0 2% L2 4K
FIEG T E PR BELAM R TRI AT . P, A
A5 T AR A B B B s P ), OF BRI
REINAEAT R 21k

A Grid cells

A Central cell .

A 1% |ayer vertex-neighbor cells
A 2™ |ayer vertex-neighbor cells
A Global-direction stencil cells
—Global directions

(a) /ML e R A%

AGrid célls

A Central cell .

A 1% |ayer vertex-neighbor cells
A 2" ayer vertex-neighbor cells
A Global-direction stencil cells
—Global directions

(b) KK TELLIRE
E7 AEKELLRELHERTEEIRTEE
Fig. 7 Diagram of global-direction stencils on grids with

different aspect ratios

Bt oxt a7 B AN T, B R B T 9 1) £ ok R X 4
1] 7 e AU S R T I, A B
T, Tl 5 4 J 7 16 6 A B4 BB T 5 3 1 A F) B T 0%
50 . AE T3 — R 4%, T i A AR
BT M 42, DR AT X B AN e T H S R R on S %
SIS R T LI, T 3 T SRR TR o f) B R B
4 3K 45 0 T BE T BE 35 BT, 7E LR AL b Jalali 5
Ollivier-Gooch!"™ & 45 H 7 — Fft Ji T B 7] B 9 3k 35 75
BE T 925 10 PR A 20T B, TSR % 5 9643 B0 S b 4
— BT AW BTNV M) . AR, AR B R
0 ) 243 V1) 68 J& 2k, 3 — 4 JR 7 1) T R 5 e G 9 1) 2
BT

{ELAE A& R o3 B B AT A R, 6 o B8 i g — A
WA 4% 2 2 v S — URBE T PE 2, I 2k - BE T R B A 2
BETHTVE ) JE AN 5 o 3R Fh AL B 7 2 15 35 486 n 4 0%
5B 5 S P TR R, G AR AT IS, W
BRI, B0 T POV I K R AL A 4 AN BE T 11 15 4
Fr AEHEAS TSI P 350K A R O IV AR, 2338 BT TR)
SR L, T EU GV S

DR SE T % A2 4 A1 T, B £ Ak B 7 5 2 E 6 0 T



44 ol | N B = S

539 4%

B 3 0 s B T 2 AT FE AR I, SR A )R T TR AR, SR A
PEIL TR B I 2 A, (B AR 30 5 2 B 45 1) [+
P D3 ATS SR P AR I8 A 9 41 ¢ 2 10 3 T s 3t i A
W P GF AR AE T, AT T2 A ER AT LAAT R 4
YL BN R 25 18] 7 PERF AL, /b B A S AR 18 P (R ASEAR AR
TUHCE; BAN, BRI S5 SN, 2 RE SR I JE T AR AIE
515 1 TE B St s [R] BN, A3 X 420 THT B 32T £ 9 A% 5 7T A
SE 4 SR T R AT AT R SR AL SEVR I SE B R, JF HLAE IF
AT VB o B AL B A 2 I R A

ARSCE S — L] BANE LIAIE T 42 )R U7 1A
BRCAE vt B i B A 45 K A BRAAAR D7 ik b I BB R B
T TIE R RN TR T R

3 HEIWIE

DR B AN 5] E AL B AR AE v B R R 4 A A R A
FRUSR A 465 1 58 3R B, AR 99 8 o ik T o o i O
(Method of Manufactured Solutions, MMS)®'*¥ i i 50
DA G 75 S I PR SR BB B, 4y g e T 3R R 3t
THI B AR DL % 42 J&) 77 ) BEAR 7E = B A% B2 SR A 48 b 1t
AR HT 22000 7S M RER=/ATEMN
K by T PR 7 1) 30 04 AR AR S T O 25 BE TV 1A],
PR R R AR R b TR E R A&
TR T DR B8 R R 5 ) A AR LE = A B A A
R BRARAR J7 35 b N B AT AT e, AR A F R = A
BRTE AR RS B FE At b 3B WK T SR T M AR ) B
T o [RIE, Ay 17 4 B 36 ot AN [RIASEAR B 4 3R 3RATT
43 A& F V-Stencil. F-Stencil. L-Stencil 5 G-Stencil 3K
Foon L L R T AR AR S 4 R 7 I B .

3.1 ETHISEMAENRE

AT R WP T R T A B & ) e v

{iF (¥) MMS 305, 3 FLg i 7% 30 -
p=1.12+0.15sin[n(3.12x + 1895.92y)]
u=1.32+0.06sin[n(2.09x +2099.21y)]

v = 1.18 4+ 0.03 sin [ (2.15x + 2001.32y)] (12)
p=1.62+031sin[r(3.79x + 1973.98y)]

DR, R S AR A A ) 3045 2RI s 9
0p Ou dp Ov

MEx+pEx+Va—y+pa—y
2pu@+u26—p+p v%-i-u@ +MV6£+8_p
T Oox ox dy Oy dy Ox
s=divF =
2v@+v26—p+p v@+u@ 6_p+@
L ay ay ox  Ox ox Oy
0(pH) ou 0(pH) av
H— +v—————+pH—
“ 0x TP Bx+v ay P ady
13)

FHT T AR SCER U = A 52 S0 B A5 401 o 9 AN [ A5 A

e FE 735 TR AR B 70 v b IR I RAE T ik
IEE] T BLERE R o TRl 6 Y T A 4% i) 4 B e
ERATHAE R 7y, DAORAIE R B =B

s = ZW,‘S,‘ (14)

i=1
S s, 55w, 40 B4R 2 BT TR e 5 A 1 9 5 B
é&%%rﬁp@wﬁm%omﬁﬁam%ﬁmm%
A 8 AR »

Pressure

1.90
1.85
1.80
175
1.70
1.65
1.60

PR
whphogt
mgmom

(@ EH

Density
1.26
1.22
1.18
114
1.10
1.06
1.02
0.98

(b) B
B8 ETFHEMOTT
Fig. 8 Flow fields with manufactured solutions
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Fig. 9 Regular and randomly perturbed triangular grids
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Table 1 The distribution of background quadrilateral grid cells
with different aspect ratios

Grid name AR = 5x10° AR =1x10°
Vcoa 20%10 15x15
Coa 40%20 30%30
Med 60%30 45%45
Fin 80x40 60%60
Viin 120x60 90%90
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Fig. 10 The stencil augmentation of boundary-adjacent cells
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Fig. 11 Computational errors on the regular and perturbed grids
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Table 2 Errors on the finest regular grid and computational
accuracy between the last two sets of grids

Errors and Accuracy V-Stencil F-Stencil G-Stencil
L, Errors 1.039x10*  8.234x10°  5.065x107°
L.. Errors 2.002x10*  1.981x10*  8.56x107°
Ly Accuracy 2.947 2.953 2.966
Le Accuracy 2.831 2.864 2.933
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Fig. 12 Average stencil sizes of three different stencils
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Fig. 13 The comparison of computational errors before and
after altering stencil layers
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Table 3 Average stencil sizes of three stencil selection methods
on five sets of triangular grids

Grids V-Stencil F-Stencil G-Stencil
Vcoa 12.57 9.89 7.38
Coa 12.33 9.49 7.21
Med 12.23 9.33 7.14
Fin 12.18 9.25 7.11
Viin 12.12 9.17 7.07
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Fig. 14 Flow fields of the supersonic vortex flow
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Table 4 The distribution of background quadrilateral grid cells
in the radial and circumferential directions

Grid name AR =~ 2.5 AR =~ 4.0
Vceoa 20x30 10x10
Coa 30x45 20%20
Med 40x60 40x40
Fin 60x90 60x60
Viin 80x120 80%80
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Fig. 16 Global pressure errors on the regular
and perturbed grids
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Fig. 17 Wall pressure errors on the regular and perturbed grids
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Table 5 Errors on the finest regular grid and computational
accuracy between the last two sets of grids

Errors and Accuracy V-Stencil F-Stencil G-Stencil

L, Errors 2.102x10°  1.883x10°  1.459x10°

L., Errors 6.474x10°  5.489x10°  5.628x10°

L, Wall Errors 1.921x10°  1.748x10°  1.856x10°
L, Accuracy 2.946 2.951 2.976
Le Accuracy 2.941 2.945 2.939
L, Wall Accuracy 2.943 2.93 2.946

V-stencil F-stencil G-stencil

3735 33809 34351 34896 35171
o5 28353 28761 20172 29.378

14.167 14444 14583 14.722 14.792

Vcoa Coa Med Fin Vfin
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Fig. 18 Average stencil sizes of three different stencils
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Investigation on the vector performance of a bypass dual throat nozzle with
injection at the divergent section

* . .
XIA Xuefeng , GAO Feng, ZHANG Qian, MA Cenrui
(4ir and Missile Defense College, Air Force Engineering University, Xi’an 710051, China)

Abstract: The bypass dual throat nozzle (BDTN) is a new type of dual-throat fluidic thrust-vectoring
nozzle, which introduces secondary flows by a bypass set between the upstream minimum area and the upstream
convergent section. The BDTN can achieve a good thrust vectoring performance without setting complex
secondary-flow channels in the engine. Numerical studies were performed to analyze the thrust-vectoring
performances of a BDTN with injections at the divergent section under different injection locations and
secondary pressure ratios. The main results show that the BDTN with injection at the divergent section can
improve the thrust-vectoring performances. With the injection location moving backward, the thrust vector angle
increases first and then decreases, while the thrust ratio increases slowly. The secondary pressure ratio rise makes
the thrust vector angle and efficiency increase to constant values. But it can lead to a thrust loss when it is larger
than a certain value. For the optimal case of the modified BDTN, the thrust vector angle and thrust ratio
respectively reach 27.59 degree and 0.956, yielding a vector efficiency of 3°/1% per rate of secondary flow,
which indicates that the modified nozzle can achieve a fine thrust vectoring performance.

Keywords: bypass dual throat nozzle; secondary injection; thrust-vector; aerodynamic performance;
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Table 1 Thrust-vector performance under the condition of

different injection locations

Case L, §/C) Cy ® n
1 / 21.30 0.940 / /
2 0.25 24.51 0.943 3.27 0.98
3 0.375 27.68 0.950 2.18 2.92
4 0.5 25.16 0.955 3.16 1.22
5 0.625 22.65 0.959 3.75 0.36
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Rotor airfoil aerodynamic design and evaluation software HRADesign

SUN Junfeng, LU Fengshun, HUANG Yong, JIANG Xiong, MOU Bin, XU Yong*
(China Aerodynamics Research and Development Center, Mianyang 621000, China)

Abstract: The HRADesign is a general-purpose rotor airfoil aerodynamic design and evaluation software
platform. The main purpose of developing this platform is to provide an universal, efficient, high-fidelity, and
robust design optimization framework for designing high-performance rotor airfoils of advanced helicopters.
Rotor airfoil design, which is a multi-point, multi-objective, and strong-constrained process, is one of the core
techniques of helicopter rotor aerodynamic design. According to the characteristics of rotor airfoil design, the
HRADesign has developed multi-objective evolutionary algorithms, a PCA multi-objective dimensionality
reduction technique, an airfoil parameterization based CST method, Kriging surrogate models, high-fidelity CFD
analysis tools and so on, and has also constructed a multi-objectives optimization process based on evolutionary
algorithms. By introducing the platform architecture, the main functional modules, and the multi-objective
optimization process in detail, the flexibility of the system architecture design and the completeness of the
functional modules are demonstrated. At last, system functions had been verified through three examples
including a ADODG benchmark case, a conventional multi-objective rotor-airfoil optimization, and an
optimization test considering multi-objective dimensionality reduction. The results show that the overall
performance of the optimized rotor airfoil is significantly improved under the constraints, which verifies the
effectiveness and reliability of the optimization system.

Keywords: rotor airfoil; airfoil design; CST method; aerodynamic design; system architecture; multi-

objective optimization
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Fig.2 A diagram of the optimization process

2 REINEERDL

HRADesign &4t % HArfitfb 77 ik, EA S
B B g B R L CFD 1 g 7 Hr AR 4%
T B Th RE A H A B, L AR R AL E ) e X, BRI
BB, R T T Windows 1 Bl TE #:
PEFE I, F P AR A 6 i 2 R 51 58 BC Ak e 7 ) E
XU RS HNRE, RARZHE T H5EEER
ARG ERE UL LT B8 #, AT DASEI A HE 1 57 5 4
BRSO E M ICSE V) ¥, 7 v] DL I N R
G AR AR R, 7 AL & R E I . B3 44
T RGN FENH R .

A3 BHEARETEE

Fig.3 A diagram of the graphical user interface
21 ZBHREULTTE

% H bR AL 77 21 P T 58 2% i 4 SR A )
HOE AL 7 i 0 2 5, S A A SRR AR B 5
S5, Y B A T B AN [ R0 A TV 5 AR
TR & HEBLTE PCA [R4E 7 M55 2 H AR BT D) R .

HRADesign % 4t /& MR AL SE A% O, BB
AR A kAT R fb it . RGERM
12 HARILAL T i K 2 R DL S S i, 45
H ¥ Pareto fiff B 2 LA K 20 TR A0 R AL i) i Jié S K 1
BRI E T 4 R SRR A U7 i, AL R A K st H
PREEEE Bt AR RIS R, S A E e R
AP IR 5 S AR L . A SR R R A
Yo Ap e i) BEAC IR, R L % S X AR R A AL B
TRAR BN Z H b5 5] B Pareto i, it 1 1L G iliAL &
TR 2 H bR BB AR Bk LL2 S8 B dE R, 15330
Z N . B4 g5 T A R REAT LA BT R
[P
22 EESOW

FE A 43 BT PCA 1977 71 J Deb 7E 2005 4 47
T 2 B4R 55 . S S xSl 4R



62 =R 3 N E R #3905
. TEEM LI E AR T4 HARE 1
1 (e) B SRFLAA LL &, W KT BRME, = 1k Hrid
S — PR AR TUA B AR AR 1« 75 U () kAR TU AR
F AR A 2 B
v FEA A BT il i PCA 3 B3 40 BT 459 8] & H A
@N 2 1A B B 5% i BRI v A ) R AR 01 B AR
" e ITUAR B ARG BR B B A A AR, 42 F
EAsREE | i RO AL LA R B B 0T DA B 5 AR AR
- — : e SA 1 28 N WSS T R, 4 e R A 2 R AT SR
T BT IR 5 45t 7 2T PCA AT HIMRAL BT RR
Mo e, W R
(o mEens )
i S AV i
v
% [ PCARFEHH PCAREAESIHT J
YV% 4
% A
4 HUEEREE v
Fig.4 The flow chart of the optimization process
based on the evolutionary algorithm ZHWMAE | BB |
AT AR AR B, SR H B bR 20 AR A8 B, 45 3 A 5%
T B R A S LR AE 17 52, o AR AR (B # AR B/ y
JFE HE Fr 9 3R L STk A, 2 oT ik R (0 R K T 4046 B

o 58 1) S B0 M I A 1 BB R i R AR KRR
JE b5 s 58 4 L, a0 SR BE UK K, FTRE AT B AR
2 W B, R OK N XA 5 R R AETU AR B AR RIS
Bo SCHR— R R E HUE A 95%. Skt R,

D RERME, FURERES T A,

2) TFEHIEE . BENLYI LA LR EE, 6 R EE
AMATE S B AR T B b, 15 B4 B bR ) S
H£E5P.

3) XS P #EAT PCA Ab3, B AR TC R HAR |-

Ca) X A AR BEAT I — AL AL B, T SROHE SG T B, o
SR B T SRE AL B oS L FR) R AL 7 5, 0K 408 AR 1K 17
EOREHH AR

() R A AU AR 4% MK 2 /0N R R AR TR e 5 o
SEEEANRFAEAE o A R AR AR A B, DU A3 A R AL AR T
(RPRFALE ) AR IR PR NS — BB = - BB n BT

o) RN TR WK E R BT
A A B 2 R R AN B/ e 3 B H BRI AR
JUAR HAREE T WERPTA JCR YN IE, IR KT R
{E X B BRI AR TCAR Hbn e 15 Ry e
NG KT B AR IMABIAE TR HAREE T .

() 2R 23 73 0f B R R AL/ T 0.1, S R K

E5 £F PCA SHiMS BiRtiL I RER
Fig.5 The flow chart of PCA

DTLZ Wi 56 £ 2 th Deb $2 9 — 41 £
H A5 0 A0 S50 P B i R 2, 35 9 ki3, DTLZ
MR bR H0A TR Pareto 3 0 i, A DTLZS(1,M)
(M R B TR RAETCR HARN 0, H T
HE A A ETUAR HARHRE ). L DTLZ5(2,10)
BREH T, i BCE 10 A Hibs, Hoth 2 M AFRETT
R E bR REA XD
Min £ (x)
f1(x) = (1+g(xp))cos (1) cos(62)---cos (Op-2) cos (Opr-1)
J2(x) = (1 +g(xpm))cos(81)cos(62) - cos (Bpy—2) sin (Opr-1)
J3(x) = (1 +g(xp))cos(61)cos(62) - sin(Oy-2)

o1 (x) = (1 + g (xar)) cos (81 sin (62)
Fir () = (1+g (xp)sin (0))

where g (x) = ZX L e 0.5)2

. bis
fori=1,---,I1-1 6;= Exi

fori=1,--,M—1 6; = (1+2g(xp) x7)

by
4(1+g(xpm))
fori=1,---,n 0<x <1

(1



% 43

MR ISR e R B3 5 1E AL K HRADesign 63

XoF 1% BR BCHEAT SR AL DA, £ 3 PCA 4347, 15 2] B
Fr 9 M H bR 10 IAFETCAR HAR . B 28Xt 10 4 HAx
BEAT AL, 13 40 1k 45 5 38 B2 i 0 A JE 90 & H AR 1
Pareto i {41 B 2Ca) fiT7R, 2 bR TU A& B AR 5 FRd AT R
b, B EIRAL S R 2(0) fizn . DTLZS5(2,10) 8% %
¥ Pareto i % Wi &% B [ 9 iy & ', 38 14 9 6 7T LU
H, FIRAE AL TR B ARG, B2 T SR Pareto AT

12

0O 02 04 06 08 10 12
Obj 9
(a) WU Hbrp A 45 3

0 0.2 0.4 0.6 0.8
Obj 9
(b) A ICA HARKIf AL 45 2R

B 6 DTLZS (2,10 ) Mk B HUK L&
Fig. 6 Convergence of the test function DTLZ5(2,10)
RASHN
B 2 F A0 HRE B o 5 B3R N
Y, 29 AV A T 2 2 B A A% 1 B S B
T2 0 UMV 52 BTt A Ve SR DhRg . H AT
PR 2 504 7 24 fgé i o 202 % & v, NURBS
W, esT!™ ik, FFDM k. ARG R ER
i CST HARSLH R MK S H AR IR

CST J5 V% /2 ¥ % /» 7 B.M Kulfan %5 4§ H ¥ — fift
i LTS A R J7 7 . T BAR 4 — R B EL
TR BUHT G /9% Ja G 2R FARMUURY Sk 3 A 46 7 A 3]
Mo MZJ5 kiR B, R 5 AT gk, SR
FEoM A e G AR UL G 4 8 L A5 i 2 4, T Ho it

2.3

SHHH B Sz, BB R s i sE 7
E SiCH o TP RN AR (8

s =CNIW)S (W) +YAE )
e H 2 B B

CN W) =y (1 - )N 3)

SW) =) AS W)
i=1

Si) =K' (1 —y)"™

KiE(riz)_ n!

T il(n—i)! @)

R 2 T TR MR 528 S SR P 3R Lty 7 AR RO
8 A2 T 925 58 T S A EE A, T DA BB H 45 CFD
R AR
2.4 Kriging QI #&EHY

Pk B i B A, R RS FE CFD 43 A T2 i3
TRA SRS Ptk B bR R B0 2 3 R )
PPA, 2 ok T W YR AR o R TS B K i
B AT R RCRE, T DLR AR B AR Y 1) 5 ik
ey e R H0R 240 JR R K0 3 A0 R K £ Ak SR AE A
TRk B b oR HORTUE UL 2 R e i DL R A 1] A
S 0 AR TR T 3 AL R 1 AN B A R A BV (AN
AR, B e A0 S

HRADesign % 4t 1, £ AR B R 32 240 35 10 56
Bt 7 AR B R 5 VA . AR W v
SE T REAR 55 1A BORURE A 5510 225 18] 4 A 1 0, R GER
FH Bz T8 7 75 SR RE P A8 53 SRR 0 7 0k ik BURE
A, DLRIEREA 55 7E Wit 25 M 19 50 20 A o Kriging
155700 3240 ) Y ke 4 A L A B B0OR 20 5B KR 13 L
R

Kriging 1 B 8 i 5 T Hh 71 28 [7) 4 i 2%, 2 —
ol A 07 22 S5 /NI T AR i T IR LB AY, LA A R 3 AL
A1 Je3 0 Bt ML AR 22 A A 45 A B0 A . B3 Kriging 5
AR LA 3 AR 0 A 10 R BE A AN o P, DR T AR AR AR
AR A, Kriging A5 7 75 B2 AR 45 00 1k 3 72 5 36 Rt 5
T IR A 55 AE AR R X 4 A, $R T A A A TR
TKE £, 248K A BT J7 32035 S /I B0 i v JU) 252 5
2 PR RS BE R E N RE . BT A T RT
FREAEA (IR R

B R, RAYWSRI SR & Ty
VRAE i A3 ) g BURE A A

90 BEAR S PR REVE MG o RHREAS 5 0 B AR
SR A%, K CFD T 2347 S 8 Itk RE VPl



64 ol | N B = S

539 4%

B

KBt

4

FEAS i PERE M AT

A
REFIAIFYEE /K riging

v G

ettt PR A

B7 ETREZHHALRETSE
Fig. 7 The flow chart of a surrogate-based

multi-objective optimization

o =0 M Kriging B8 . F FHFEAS RO M RE
THE 45 R BV IR Kriging QB

55 VU5 A ) Kriging A FR LAY, 45 & 3L T
BRI 2 B PR 7 AT BT R AL R AR

55 H P Kriging 15280 () F A4 o A4k 3 72 R VR £
FRBEAN R IR E1E, AR 95 F AN 44 1) ELE 1 52 B I
FEAR 5, R FEAS fUEAT v B A% 11 42 AT CFD 12 g
A, 7E N =N+ 1 MR SO Bl F 2E 1T Kriging 12
R A

750 IR (0] 5 DY OB gk 2k AR L .

FUD: BB R SEUA B ¥ e R D 4
RERAEE R AR AL
2.5 KEhtEges

Jig 3 3 A CFD 4 R VF 50 RS FE A0 300 = A7 R
AL S, Xtk BT g5 A B .

HRADesign 4+ KM CFD 7 #r TARZH F
TF R I — 4k RANS fi# 5 %% MBNS2D. MBNS2D X
0 AT B AR 5 ¥ R iR 75 5 °F 42 Navier-Stokes 5
i, 2% 18] 25 #OCR F Roe #% 2, i AR 2 A0 4% SA —
FEREL AL AN SST W 75 FEAS AL, @ i 22 3 A% 4 A AT U
WIS, e AR .

T Jie 3 3L 1R o S5 e, B ApOGE 3R T 21 IR 3 5
AR R, RS 2 R R W 52 e, BH 70 B 22 1 BH 0 gt
AR 2 55 ZRARK, R T 858 75 0 IE R,
HRADesign % %t "' 5% FH T y — Reg s i % i 4 [29) 5
S A R BT R

3 MULEBIESH

3.1 Efl

N T R E AR BT AR I AT AE B, ATAA R
T B 4 (ADODG) 45 H T — B AR AL B 1T bR 1
S, T T ARAL BT B 8 UE AN A . I R AR A
&7 BRI AE B TUAT 29 S A T B ) R/
HARAG BT )R, AR SC DA A 2% 7 T 64 T RAE2822
FAIH Sy e MR A R AR BT RGP RE

DL RAE2822 B AR W) ih B A T a6 i1k,
AU B8 A B 21 N : Mae, = 0.734, Re = 6.5x106,
Cr = 0.824, W HU A 1 RECp i/ MEAE MRAL B A%, L
2 o S R AR R LA 5 BB T AR A > o R4k
Ir1 250 5 A

Min Cp

Subjectto : Cr = 0.824
C,, = -0.092

Sarea 2 S area initial

Bl 8 A 9 73 il a5 th T AL AL T 5 3 1 A6 JE
RKMHE S A, B 1048 7R HT G B AR
= BB . v LUt A4k 37 8L R 2% W% ) i 1
SR, FEACTH BR T W46 B o B aR o, SSE AR 1S
SEEH . 3R 1At T BB AEALAGET S BB REE
ECH, AE DR 47 T 70 R0 70 58 1S3 20 3R DL R T AR ANk 11
JURTZIHZRAE T, AL LAY RE ) R AR 74 87 counts,
Ak B AR P B REPE LS B B 2 0 . SR [26] X 1%
Bt T HE— S

0.15
RAE2822

0.10 Opt
0.05

0

ylc

—0.05
—0.10

—0.15
-02 0 02 04 06 08 10 12

x/c
8 MURERBMMRILE
Fig. 8 Configurations of the initial and
optimized RAE2822 airfoils



%43

MR ISR e R B AR 3) i 5 1E A 1 HRADesign 65

RAE2822
1.5 Opt

-0.5
-1.0

-1.5
-02 0 02 04 06 08 1.0 12

x/c
B9 MRUEERIEREENSMILE

Fig. 9 The comparison of airfoil pressure distributions
between the initial and optimized airfoils

L P
10 L 0.96
0.89
M 0.83
i 0.76
05r 0.70
L 0.63
r 0.57
I 0.51
g O 0.44
0.38
—05L
—10L
L PR NSRS U NSRS NS RN N SR
-0.5 0 0.5 1.0
x/c
L P
10 L 0.96
0.89
M 0.83
i 0.76
05 0.70
0.63
r 0.57
I 0.51
g Or 0.44
0.38
—05L
—10L
L PR NSRS U NSRS NS RN N SR
-0.5 0 0.5 1.0
x/c

E10 RUBBEERENRELRR
Fig. 10 The comparison of pressure contours between
the initial and optimized airfoils

®1 MUBIRERERELE
Table 1 Performance of the original and
optimized RAE2822 airfoils

Cr Cp Cn Sarea

JRUBAME 0.824
AL 0.824

0.01984 -0.093 0.0778
0.01115 -0.090 0.0780

32 Efl2
BT U R B, # 28 2 A TR

T HIERE, — MR B ORI ) R G BE I
T RS B 7 R ) S i T L P A v R B
L6 DA B /N I AIRAY J0 %8, & T 3 84 2 B br itk
) . DAL 3R R S A TR, 7E LR KR TR AN sk (1) 2% A
TR Z SR, AR K LB, BT AR
W BT IR PR EE R . Ak o] LA IR A
(OFEm=mr CiEme
My subject to : |Crugal < |Cadol
Q=L R
Ma =0.4, Crmax 2 Crmax0, Kmax = Kmaxo
Ma = 0.6, Crmax = Cimax0> Kmax = Kmaxo
Q) ma ke
Min Cp,when Ma =0.6,Cy = 0.6,

subjectto : Cp < Cpo
(@R A,
subject to : fmax = fmax0
oA Magam HH 77 8D 55, k 9 FERR LG, Fhr 0 %
INFEAR B PERE SR AR

B 1125 H T AR 4k 38 78RN 35 R 31 R AR 1 L AR
A AN A2 38 K, bR TH JE B .

0.08

—-—--Baseline
0.06 —Opt

0.04

0.02

ylc

0
—0.02
—0.04

—0.06
-02 0 02 04 06 08 10 12

x/c
B AR ETE R TR e
Fig. 11 Configurations of the initial and optimized airfoils

12 45 H THLENIRE Ma = 0.4 T H J1REER LL
B, AT DA AL 3B B KT 0 R A W
K13 45t 7 S A IRES T Bl Ze i nf L, 7T BLAE A
R/ R A TR, K240 7R
AFEA Y ML RE 45 SR UL, NG R AT LA W, Ak
RAEM PN S A PEREA MR 52T, AT KRR AE AR
JIFEE RE B RO 5 R B A B S AR O A BRI . %R
JE 3R BT 2R ) op B AR R B AN ) FE 2R
2% AF T, 7 SRR 3 A e e, AR AT G
TR A BB RARE T Ay PR RE, BT L2 H br
PAC BT FP AR AT 5 B BE 2 [ R AT 7 B P4 .



66

Ht
A
g’l_

Fok #39%

+E
4

-0.5 —-—--Baseline
——Opt

-1.0
-10 -5 0 5 10 15 20
al(®)
12 BRFHHFELLE ( Ma=04, Re=2.8%10°)
Fig. 12 The comparison of lift coefficients between the initial and
optimized airfoils ( Ma =0.4,Re =2.8x10° )

1.2
1.0
0.8
0.6
0.4
0.2
0
-0.2
—-—--Baseline
-0.4 ——Opt

—0.6

-0.02 0 002 0.04 0.06 0.08 0.10 0.12

Cq
0.70

—-—--Baseline
——Opt

0.65

0.60

0.55

0 0.005 0.010
Cq

13 RUBRBSYIREBR M &R R
(Ma=0.6,Re=42x105)
Fig. 13 The comparison of polars characteristics between the
initial and optimized airfoils ( Ma = 0.6, Re =4.2x10° )

3.3 &EHI3

LK 12% FEJE RUBAE S % AR, G A
IR A SCR TR 1O &% B AR, TP IR % H 47/ 2 8 i
e, R PCA J7 5K L% A5 W4, B T % F 4RI
PERARRIA M. 188 A f IR -

(DFE T CrEhE
Mgy subject to : |Crgal < |Cinddol
Q)FEmbLahPERE
Ma = 0.3, Crmax 2 Crmax0> Kmax = Kmaxo
Ma =0.4, Crmax 2 Crmax0, Kmax 2 Kmax0
Ma=0.5, Crmax = Crmax0, Kmax = Kmax0
Ma = 0.6, Crmax = Crmax0> Kmax = Kmaxo
3P R PERE
K > Ky, subjectto: Ma=0.5,Cp =0.6
K > Ky, subjectto: Ma=0.6,Cr =0.6
(4) DR AT 5 AN ok
subject to : fmax = fmax0

F2 MUAIEEEEREILE

Table 2 Performance of the initial and optimized airfoils
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Table 3 The performance of the initial and optimized airfoils

Obj Baseline Opt
Cy max (Ma = 0.3) 1.440 1.459
Cymax (Ma = 0.4) 1.320 1.351
Cy max (Ma = 0.5) 1.358 1.361
Cy max (Ma = 0.6) 1.100 1.106
(L/D) max (Ma = 0.3) 96.0 97.5
(L/D) max ( Ma = 0.4) 99.8 101.1
(L/D) pax (Ma = 0.5) 100.0 102.4
(L/D) max (Ma = 0.6) 81.3 85.1
Mdd, (C, = 0) 0.715 0.725

Co (Maa) -0.0096 ~0.0098
L/D (C, = 0.6, Ma = 0.5) 81.6 845
L/D (C,= 0.6, Ma = 0.6) 77.2 80.2
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Parameter estimation based on convolutional
neural network and state sequence

- 1,2, % . . g . . .
WU Pin" ", CHANG Xutmgl, LANG Jialin', PAN Kaikai', GONG Slquan1
(1. School of Computer Engineering and Science, Shanghai University, Shanghai 200444, China;
2. State Key Laboratory of Aerodynamics of China Aerodynamics Research and Development Center, Mianyang 621000, China)

Abstract: To reduce the time cost in parameter estimation processes, a new parameter estimation scheme
based on a Convolutional Neural Network is proposed. This scheme can quickly estimate multiple parameters
based on a temporal sequence of system states by avoiding time-consuming iterations of numerical models. At
the same time, a two-way standardization method is used to help the neural network extract features better. The
scheme has been tested in a Lorenz63 nonlinear system. Results show that it can effectively estimate model
parameters corresponding to the current physical state with a calculation time only 4% of the particle swarm
optimization method.

Keywords: parameter estimation; convolutional neural network; numerical simulation; Lorenz63
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Fig. 6 The process of training a parameter estimation model
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Table 3 The mean absolute error with different input lengths
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Table 4 The comparison between the MLP and the CNN
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Table 5 The comparison between the CNN-100 and the Particle
Swarm Optimization
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Evolutionary characteristics of aircraft wake vortices in the upper airspace

.. . *
WEI Zhiqiang, LI Xiaochen
(College of Air Traffic Management, Civil Aviation University of China, Tianjin 300300, China)

Abstract: To study the formation, evolution, and decay of aircraft wake vortices in the high-altitude en-
route phase, the initial strengths and hazard areas of wake vortices at different flight altitudes are obtained by a
fast calculation model of wake vortex. The dissipation law of wake vortices at high altitudes is also analyzed.
These data can help to reveal the regulation of wake vortices, and can provide basic foundation for studying the
evolutionary characteristics of aircraft wake vortices in the upper airspace. Then, the hazard areas of high-altitude
wake vortices are calculated under the condition of different aircraft weights and flight speeds, atmospheric
turbulence intensities, and atmospheric stratification stabilities. Results show that, compared with those in
medium- and low-altitudes, wake vortices in high-altitudes have larger initial strengths and dissipation rates, and
the resulting hazard areas have larger lateral dimensions but smaller vertical dimensions. The influence of the
wake vortex can be reduced by properly changing the aircraft parameters and atmospheric conditions. These
results will hopefully shed some lights on the vertical interval reduction of high-altitude wake vortex.

Keywords: traffic management; flow filed of wake vortex; fast calculation model; upper airspace;

hazard area
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Wind field characteristics and wind-induced buffeting response of
a long-span bridge during the landing of a strong typhoon

ZHAO Lin" %, WU Fengying" *, PAN Jingjing', SONG Lili’, GE Yaojun" >
(1. State Key Lab of Disaster Reduction in Civil Engineering, Tongji University, Shanghai 200092, China;
2. Key Laboratory of Transport Industry of Wind Resistant Technology for Bridge Structures, Tongji University, Shanghai 200092, China;
3. Chinese Academy of Meteorological Sciences, Beijing 100081, China)

Abstract: Characteristics of typhoon wind fields have a predominant influence on the wind-induced
response of large-span bridges. Based on the time-history records of the strong typhoon Hagupit (0814) which
passed through the territory of China, statistical analysis and comparative study were conducted on the measured
data including the mean wind speed, wind direction, angle of attack, and pulsating wind power spectrum during
the landing. Subsequently, in order to explore the buffeting response of bridge structures induced by strong
typhoons, the specification spectrum and the measured typhoon spectrum were applied to study the three-
dimensional wind-induced buffeting response of a long-span cable-stayed bridge with a main span 448 m in the
typhoon-prone area. The results of buffeting response calculated by the measured typhoon spectrum and the
specification spectrum show considerable differences. Furtherly, considering the impact of large angle-of-attack

wind fields on the bridge buffeting response, the vertical and torsional displacements were 204.12% and 264.87%
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of the results of bridge buffeting responses by only considering the specification spectrum. The results show that

the buffeting responses, even for medium-span bridges, would be significantly affected by large angle of attack

and pulsating wind power with large high-frequency turbulence energy under typhoon environments.

Keywords: typhoon landing; field measurement; large angle of attack; pulsating wind power spectrum;

wind-induced buffeting response
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Fig. 1 The time-domain analysis of bridge buffetings responses
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Table 2 A classification of the power spectra
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Table 3 Fitting parameters of the type I
wind power spectrum

=S ap a az a3
69 -0.57 -0.62 0.36 -0.06
75 -0.60 -0.78 0.32 0.03
76 0.76 1.12 0.27 0.07
110 -0.03 -1.38 -0.19 0.05

113 (v) 0.35 1.44 0.12 0.17

113 (w) 0.02 1.23 0.10 0.24
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Table 4 Main natural frequencies and the
equivalent bridge mass
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/Hz /kg /(kg-m)
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4 —HEE o 057 0.48x10°
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The correlation between destructive gales and collapsed houses
during the landing of strong typhoons

12, * . ..
CHEN Wenchao', SONG Lili* ', WANG B1nglan3, LIU Aljun1
(1. Guangdong Climate Center, Guangzhou 510080; 2. Chinese Academy of Meteorological Sciences, Beijing 100081, Chinas

3. Beijing Jiutian Weather Technology Co., Ltd, Beijing 100081, China)

Abstract: Based on the hourly-observed weather data and disaster data of nine strong typhoons landed in
Guangdong province since the year 2000, the spatial and temporal evolution, distribution, and causes of gales as
well as their relationship with collapsed houses are analyzed. The results show that: (1) Hourly maximum wind
speeds of nine typhoons are all in the first and second quadrants before the landfall, after which 77.6% of them
fall in the fourth and first quadrants. Gales of force 10 and above are distributed mainly in the coastal areas and
on the right side of typhoon tracks with durations between 10-24 h. In addition, gales of force above 12 lasted 8-
13 h in four typhoons. (2) The influence of gales is expressed by the "station-hour" based on the ranges and
durations of gales. It is found that the "station-hour" samples of gales mainly appeared before the landfall.
(3) The underlying surface has a significant effect on the distance and duration of the typhoon gales penetrating
into the land. When the typhoon passes through the intersection area of land and water or the gentle underlying
surface, the wind penetration to the land is larger. (4) The number of collapsed house is correlated with the
central pressure, maximum wind speed, influence range, maintenance time, and "station time" of typhoon gales,
especially with those of gales with force 12 or above.

Keywords: strong typhoon; hourly-observed data; gale characteristics; collapsed houses; correlation

analysis
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Table 1 Basic information of nine strong typhoons

BRFS  GRGS GG GXBRS BB E/ N
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4 1409 J8 3 BT AR L 1.11
5 1522 FAL BT L 0.73
6 1604 Yedn IRINTH RIS B 0.02
7 1622 Vi IS R == 0.11
8 1713 Ky PRt 4T X 0.74
9 1822 7y LW 0.14
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Numerical simulation of a urban wind field under the
influence of typhoon “Mangkhut”

. , 2, % . . [
LIAO Sunce', HUANG Mingfeng" * *, LOU Wenjuan', LIN Wei’, XIAO Zhibin”
(1. Institute of Structural Engineering, School of Civil Engineering & Architecture, Zhejiang University, Hangzhou 310058, Chinas
2. Center for Balance Architecture, Zhejiang University, Hangzhou 310058, China)

Abstract: Based on the WRF (weather research and forecasting) model, a numerical simulation of a
typhoon wind field near the Shenzhen meteorological observation gradient tower has been carried out for super
typhoon “Mangkhut”. Field measurement data at the Shenzhen meteorological observation tower are used for
verification. A moving nested mesh is employed to reproduce the evolution of typhoon “Mangkhut”, and the
UCM (urban canopy model) is incorporated into the simulation to resolve the multi-scale urban wind field. The
spatial distribution of the urban wind field under the influence of the typhoon has been accurately simulated with
the aid of the UCM and high-resolution geographical data. The hilly terrain in the city leads to an uneven
distributed wind field. The numerically obtained typhoon wind speeds at several heights at the Shenzhen
meteorological observation gradient tower agree well with the observed data, indicating that the WRF simulation
coupled with UCM could effectively capture the characteristics of urban wind fields when a typhoon passes
through. In addition, compared with a WRF simulation without the UCM, it is demonstrated that the numerical
accuracy of near-surface wind velocity can be considerably improved by the UCM.
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Fig. 1 The meteorological gradient tower at Shenzhen
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Table 1 Parameters in the UCM model
2 REE FEAE Tl flk

X fEEX
AEFEE, h/m 15 20 25
HPUIEE, Loop /m 13 17 20
T FERE, Loaq /m 20 20 20
AR, AH /(W) 20 50 90
BHERR, Fu, 0.50  0.90 0.95
JRT BT SE RSN 2, ap. apn ag 020  0.20 0.20
R SRR 2, epn ey 0.90  0.90 0.90
TERKERATE, e 0.95  0.95 0.95
BRI EHREKE, Z)p /m 0.0l  0.01 0.01

AT Z EHIRE K, Zyy /m 0.0001 0.0001  0.0001
TEFEEN AR L, Zy /m 0.01  0.01 0.01
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Fig. 4 Nested domains for the typhoon evolution simulation
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Table 3 The configuration of nested domains for the urban wind field simulation under the influence of typhoon Mangkhut

A PR RE RS KPS RS /km T H 7 17 26— 2 RS 2 B /m PR (ox yx 2) AL K fs
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Table 4 Maximums of wind velocity at different heights
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10 16.89 18.41(8.9%) 17.49(3.6%)
40 22.77 24.03(5.5%) 21.58(-5.2%)
160 28.65 26.79(-6.5%) 26.38(-7.9%)
320 34.87 36.79(5.5%) 37.58(7.7%)
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Near-surface wind-field characteristics of typhoon Morakot (2009)
under different atmospheric stability conditions

. . . . , ®
LI Tiantian', QU Hongyaz, ZHU Rong3, LI Yongplngl, TANG Shengmmg1
(1. Shanghai Typhoon Institute of China Meteorological Administration, Shanghai 200030, China;
2. Tongji University, Shanghai 200092, China; 3. National Climate Center, Beijing 100081, China)

Abstract: To investigate the effects of atmospheric stability conditions on the near-surface characteristics of
wind fields during the passage of a typhoon, field experiments of typhoon Morakot (2009) were conducted at
three wind towers equipped with ultrasonic anemometers. The occurrence frequencies of the neutral, stable, and
unstable atmosphere conditions are first analyzed. It is found that the non-neutral atmosphere has a occurrence
frequency about 0.44 and the atmosphere tends to become more stable further away from the ground. Then,
wind-field characteristics including the mean (mean wind velocity and direction) and statistics (turbulence
intensity, gust factor, integral length scale, and power spectra) under different atmospheric stability conditions are
explored. The atmospheric stability condition affects the mean wind velocity, turbulence intensity, and gust factor
considerably. However, its effect on the mean wind direction and integral length scale is less significant. The
most probable mean wind velocity falls in the ranges of 10-12 m/s and 14-16 m/s under the non-neutral

atmosphere condition, which is different from that under the neutral atmosphere condition (12-14 m/s). The most
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representative turbulence intensity associated with the non-neutral condition is about 8%-10%, while it is

distributed in a wider range of 8%-16% regarding the neutral condition. The applicability of the von-Karman

spectrum into the typhoon-induced power spectra under different atmospheric stability conditions is verified.

Results show that the von-Karman spectrum fits the power spectrum associated with the neutral atmosphere very

well. However, it overestimates the turbulence energy in the low-frequency range and underestimates the

turbulence energy in the higher-frequency part under non-neutral conditions. In summary, the influence of the

non-neutral atmospheric stratification needs to be considered when conducting the typhoon resistance design of

civil structures. In addition, the variation of atmospheric stability conditions along the vertical direction should

also be taken into account, since wind loads exerted on the structure are closely related to wind velocity,

turbulence intensity, and power spectrum.

Keywords: typhoon; atmospheric stability; wind characteristics; boundary layer; field experiment; ultrasonic

anemometer
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Table 1 The occurrence frequencies of different atmospheric
stability conditions during the passage of typhoon Morakot

Stable/% Neutral /% Unstable/%
T1(50 m) 18 52 30
T1(70 m) 2 59 15
T1(100 m) 30 57 13
T1(120 m) 35 55 10
T2 9 64 4
T3 7 64 15
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Field measurement of the global structure and
wind field of typhoons in South China

HE Yunchengl, FUJ iyang.l’ LI Qiushengz, CHEN Bowei’, CHEN Wenchao®
(1. Research Center for Wind Engineering and Engineering Vibration, Guangzhou University, Guangzhou 510006, China;
2. Department of Architecture and Civil Engineering, City University of Hong Kong, Hong Kong 999077, China;
3. Hong Kong Observatory, Hong Kong 999077, China; 4. Guangdong Climate Center, Guangzhou 510080, China)

Abstract: Based on long-term observation by radiosonde balloons and radar profilers, this article presents a
comprehensive in-situ study on the global structure and wind field of tropical cyclones (TCs) that impact South
China severely. Typical features of the primary structure of TCs are explored. It is shown that TCs may exhibit
concentric-eyewall features and undergo eye-wall replacement before the landfall, and their structural
characteristics may vary significantly before and after the landfall. Models for the horizontal and vertical
distributions of typhoon pressure field have been established. Quantitative analysis has been conducted on the
distribution features of two key parameters for TC pressure fields (i.e., the radius of maximum wind and Holland-
B) and on the relationship among the two parameters and others. Wind characteristics throughout typhoon
boundary layers are investigated under different exposure conditions via composite analysis. Features of the low-
level-jet and twisted wind as well as their variations with radial distance and exposure condition are highlighted.
An empirical model is proposed to quantify the vertical distribution of typhoon horizontal mean wind speed,
which can be used to better determine the wind load acting on high-rise buildings. The characteristics of surface
wind are found to be influenced severely by terrain/topographic features. It is interesting that the records of
gradient wind above two sites with varied terrain features show good agreement, but they start to differ evidently
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when typhoons got closer to the sites and the difference between the radial distances of the two sites with respect

to the TC center became non-negligible. Such differences reflect the storm-relative dependence of TC wind

fields, especially in the inner regions of TC. Results presented in this study should be beneficial for further

understanding of the global structure and wind field of TCs in South China. They can also provide reference for

better assessing the hazards and effects of typhoon wind on civil structures in this region.

Keywords: typhoon; field study; global structure; wind field; profile model; asymmetric pressure field
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Table 1 Information of 31 TCs that impacted Hong Kong most severely and resulted in the issuance of TC warning signals at or above

the level of No. 8 from Hong Kong Observatory

& R4 HE(E/H/H) W EE S KEE RS (k)-8 85 S LA LB R AT 7] BRERIRE RETESR RSERNE
al 1999/09/15-17 20-SSW 09/16 06:45 T. 10 9
EH) 2001/07/05-07 180-SSW 07/25 00:30 T. 8 8
Jek; 2001/07/24-25 80-N 07/05 19:30 T. 8 7

AL 2002/09/10-12 150-SSW 09/11 13:40 S.T.S. 8 6
FEAY 2003/09/02-03 30-N 09/02 14:20 T.D. 9 4
A HL 2003/07/23-24 280-SW 07/23 22:40 T. 8 4
[ 2004/07/15-16 25-F 07/16 11:45 T.S. 8 4
A 2007/08,/08-10 30-W 08/10 14:30 S.T.S. 8 6
R 2008/06,/24-25 60-E 06/24 22:45 S.T.S. 8 6
Jes 2008/08,/05-06 180-S 08/06 05:40 S.T.S. 8 6
R 2008/08,/21-23 0 08/22 13:40 S.T.S. 9 7
Ly 34 2008/09/23-24 180-SES 09/23 18:00 T. 8 6
E& 2009/09/14-15 130-SSW 09/14 17:55 T. 8 5
By 2009/07/18-19 40-NNE 07/19 01:30 T. 9 5
PR ] 2009/08,/04-06 110-SW 08/04 21:40 S.T.S. 8 9
EuNd 2011/09/27-28 350-SSW 09/29 04:40 T. 8 6
AN 2012/06,/29-30 70-SW 06/29 23:05 T.S. 8 4
i 2012/06/16-17 260-SW 08/16 22:15 T. 8 6
F AR 2012/07/23-24 100-SW 07/24 00:45 S.T. 10 6
R 2013/09/23-24 80-N 09/23 00:25 S.T. 8 5
Jeks 2013/08/13-15 240-WSW 08/14 01:40 S.T. 8 8
Ry 2014/09/15-16 370-WNW 09/15 22:30 T. 8 5
HEAE 2015/07/08-09 50-N 07/09 16:40 T. 8 5
Il 2016/07/31-01 40-NNW 08/01 20:40 T. 8 7
bz 2016/10,/20-21 110-ENE 10/21 06:10 S.T. 8 4
HIAH 2017/07/12-13 25-E 06/12 17:20 S.T.S. 8 4
.50 2017/08,/26-27 25-NE 07/23 09:20 T.S. 8 4
UERS 2017/10/14-16 90-SW 08/27 05:10 S.T.S. 8 4
R 5% 2017/10/14-16 210-SSW 10/15 08:40 S.T. 8 7
K 2017/08/22-23 60-SSW 08/23 09:10 S.T. 10 5
i) 2018/09/15-17 100-WS 09/16 09:40 S.T. 10 6

Folk: BEES: FHEROC R S RRE B B AR iR SRR Y s g KR B VAR iy SR A SR KGR L s T A 200 - 1020 e WA 3 Ml i XUk & MR 2 o



%4 W T ia . e X & KA = A0 45 8 2 R3% R AE 52 AT 72 133
(N) 0° (N) 0°
330° 30° 330° 30°
300° 60° 300° 60°
W) 270° 90° (E) (W) 270° 90° (E
(W) 100 km ® W , 3 1 B
300 km
2age  O00KM 120° 240° 120°
700 km
210° 150° 210° 150°
(S) 180° (S) 180°
(a) I B B o A1 ] (b) JCHE4A4% [ B o0 A

3 RESHEXNPRESEROEKFEIHE

Fig.3 The horizontal distribution of radiosonde balloons with respect to the centers of TCs
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BE . T B A X A 2), B G
SRR & MAZ O X B RFAE . AT 4Ca) 7]



E A8 S R HLIX & X 4 R A 45 44 B 3% R AIE SE AT 5

135

ST, 249 5 R DX 3B B RSO R AL )2 T2 T v R B 3 1
1 TS S KA K 8°C. P 4(b) M) 2% WA 7E 5 4f
AR R, 2 5 S 3T A% O DX 35 1) B W 5 0 3 <O 2 %F
XA E Z T, BESFRZ R . SRR 4(c-e) 5 R
KW, & BN Sy 5 G5 FE AR AL T X Z Z N X
FEETLLT, 6 RS EG A SR EE S RRER
B, EH B #HZERA K.
Kl 4Co) R W] & KR E e & AT 15 km 4,
E 1% fey £ B 30 3 Bl XL 3 R0 X ) CFE 4Cds o)) 2L JRI AR
1, B & R R AR [ R T 5% R 4% 1l 1 AU R A1
o fERMELUT, & KSR Z 126 AP(2) 18 ] BE =
FEE 16 00 52 300 L 0 P 3 U ) A A A
AP(2) = Pref(z2)—P(2)=APy—k -z (1
Horp, APy R G~ 1H E L AL (2= 0) 10 AP(2) B, kA
HIER R Pop (2) RN E KRR HIZ, Hl HE
AR AERERRAT £ 5AP IR R I H E 1%
R KR CINE 5 FroR):
k=C-APy )
H, chR¥. @G, & R w0 A LT X R
C{E 4774 0.091 F1 0.097. FfaH K2, OHHRE
B F A & XUt 3R I 5 20 5 AL AT SR AL U 3
2 AR, HLA 202 R (= 0.092) 5 A& S &4
%_ﬁ[ﬂ]c
Bl 6. B 7 R T 2 e A A 5 e A s 4 (] SSP

U/(m-s!
Ssp ( 45)

40
35
30

H/km
N WA o N

N

o

1 5

0
00:00/15  00: 00/16  00:00/17  00: 00/18
(8 7KLk

ssp W/(m-i")

H/km
N w N [¢)] o)) ~

1 =7

-9
00: 00/15 00: 00/16 00: 00/17 00: 00/18
(CEREIENES

3.0
Fit-1: &=0.09AP;—0.04, R*=0.992
25} Fit-2: k&=0.09AP,, R*=0.991
~ 20}
E
8 1.5
=
* 10}
Data
05} Fit-1
Fit-2
0 1 1 1 1 1 1
0 5 10 15 20 25 30 35
AP, /hPa
CESED
2.0
Data
Fit
15+
. £=9.69x102AP,
£
8 1.0
=
=
05¢
0 1 1 1
0 5 10 15 20
AP, /hPa
(o) LAy

5 APBIZHERG AP, 2 EHZEKMEXR
Fig. 5 Linear correlations between the
slope of AP profile and AP,

oI
Ssp o

180

120

H/km
N w IS (] (o)) ~

60

0
1

—60
00: 00/15  00:00/16  00:00/17  00: 00/18
(b) 7KF-JKUis)

SNR-W/dB
30

25
20
15
10
5

0

-5
10
15
1 -20

SSP

H/km
N w I (] (o)) ~

—25
00: 00/15  00:00/16 ~ 00:00/17  00: 00/18
(dl) T FL A M {51 1L

6 ARATHINEEE SSP it R FiX KB L MR

Fig. 6 Field measurements from the wind profiler at SSP during the passage of York



136 T K

SsP Ul(ms™)
50

10
40

8
30

§6
T 4 20
2 10
0 0
00: 00/15  00: 00/16  00: 00/17  00: 00/18

(a) 7K A

SsP Wi(m-s™)
4

10
2
8 0
£e B
T 4

4
6
2 -8
0 -10
00: 00/15  00: 00/16  00: 00/17  00: 00/18

(c) 44 SCHE PR

/N I = S 4 39 %
SSP 0I(°)
210
10
180
8 150
120
§ 6
T %
4
60
2 30
0 0
00: 00/15 00: 00/16 00: 00/17 00: 00/18
(b) KPR
SNR for W at SSP SNR/SOB
10 20
8 10
0
§ 6
T 10
4
-20
2
-30
0 —40
00: 00/15 00: 00/16 00: 00/17 00: 00/18

(dl) 7 T X A3 R g

B7 &RLMEmESEE SSP ik mEIE XL N4 R
Fig.7 Field measurements from the wind profiler at SSP during the passage of Mangkhut

Sl o E O X A T A5 B 11 42 S B X 43 =
2R o B PR e b o PR e T R 2 R U b T S
JE IR, % 45 B 0] R Bk sER B X0 I T S
Bo BT HEIERERLE TAERME, & X EE KK
18 1) 7 T KOG 23 B () BT oL R T T R . i Ah,
BT 1R E RGE S RS S BT H e KRRIREE K
R Z B TREE m R KRR Z =
—Fhe TEZ i FERT, BT ORI B A T R E R AR
BURAAN, B IA ROFHE 5B 2, o]l o (9015
W LG AR AL RR R A R A B S A E . AR A
W RS 2 L. FroR, 78 B 6Ca) 41 & [X 45k
Xof SR IR B X, T B R TE DR K AR, 1 B U X3 A
TE R Y o HRBE DXRH AN ) W 28 0608 By, H
HH LIS B TR] M IR, 35 B I G X 3E0] R 3 M e WY
o 28 25 HR B I S e WY A () [X 3 () B AT AE — 1
55 B WY X, % DX 30O B AN R A . H B 6C ey d)
Bl 7Ce. AT, 7EHRBE J 32 0858 fY 7 |25 5 km (7 7E
Ak 2 s ARAL 2 R S PR, AR EE 2 o 02 e Y s FE AT k)
SRR, BJEUGEE N IKE N E, T2
PAPRE T B ARAS FEN 5.

TE R BE J2 5 W e w40 BB IX, | T B O S5, i
BIAE 5 S B RRAL 2 BE AR AE AN B 2 o AAAH
A5 L 25 R, I XK SR A 2B E N 1~2 km,
AN A X R A 2 v BE B2 5 ), 3 AT RE S 0

S TE) LAy 9 5 B 4 ) o 5 KO B 29 3 C B KO B
P
2.2 WHREE R HiEL4HE

K Es RRW, 6 F 20 GF) L2 1
HAUNE 2 KR B — 8 9 E 0 I R] RE 2 7E 5 R BE A
BBl FH = 5 E Y 17 38 A0 TR i — N RS B R R SRR BE, A
M T RO HR BE 446 o AR BE R 1 Ji5 > ER T 40 B RE (1) BE
PAPEH, AL K S BhRE. 7 A0S B M 2L A
AREE, T2 WHRBEE T 3218 . 5 ARXS B, 1R BE7E
RAFANE = F S BIE e & W) 5t T T 4R 2R 4b 78
J& AW R R, FFTF 46 m) W 4, T W 4 i R T B IR
Bt — D3R . QiR R IR, P AR BENG B 238 0%, T
A HRBE BT AR 2, iR 2 40 1 R B, 20 AR R N
AR RE B 4 o HIR R 5 8 0ok 2 o AT A0 1) i AR
9 B 2 B 2 28

B8 Je/m 7 & ML 7E 57 B R B A T/
WA B PR o B R R G A R R B
Bl 75 B 8Ca) Fran iy Z, (AT &k i i & X, it
I R G HR BE S5 4 2 3% . AT DATROL, G AR B B 46 it
A5y, 6 WIERE J5 198 FE A v Re 2 4k 8248 7. (HBE
Jo H T AT R R B, P S S5 ) S R A iR 2 B
BORBEIA . & 8(b) flrow, 24 11 477 313k g i A6 6 I,
JRVE P IR BE O I8 3 R, H I AR B R R KR 4 A Y
W, T B S A A PR 2k E IR E R AT R, I R4t



%43

SR EE IR & RGO (B 2(0)) o 5 ik i #2400
82, B R AT 72 ] 8Ca) I B A IR BE B3I X 70 e K, fH
A MR BE 5 1 i Bl SN 98 ), 10 21 1 8Cb) P i Z
I, SR AN IR BE X WG A X B . B R LB ARE
X GORH R R, (AT BB AT R AR5 & 8(b)
— B G XX RAHUR T R AR S B B R L
BT AR O B ) A s 52 B T L B R L rh L B
I XS AP ] Bl ) 50 7™ B A RS

Wil
W]

R A XA PR A KA )
(8) 7 B R Byl (b) {2 TR AL
B8 fTHREFE R Hoxt R 38 EE #A00
Fig. 8 Th eyewall replacement of Mangkhut and its impact on
the intensity of the storm

2.3 EHMTESES S o FFE

SRR E ) R R B & KU I B B R AE
1o Bl G RAEIB AR Z 6 M ALK G K
H VAL T o A . RN R R A
SR 37 15 R Holland ™ 32 H 11430 H 7 42 ) 4
A

Po(r) = Peo + APy expl—(Rmax /7)%] 3)
APy(r) = Po rer — Po(r) “4)

1, Po(r) RORIEEG G R0 A7 B b i b 1
Py pop RN IF TR 50K, APy N & RO A2
(H1: APy(r = 0))s Rmax N K XGE 45, B R R HL

945 T & AL v AL AT B RS AN R B %)
T SRR A (UL E RN SEZ RS )
SN R A T30 4) o S A A AL A R . Sk
MEEREETE LRI RE W 86 NME KA R
B E AR T RE . A S BT SR SR
I Ty 5 o S AN g g~ T v A

Al LLE H, SR F Holland A5 24 A] % £ 5 3 H [ <
JE 3 B A% 10) 3 A SRR AR EAT BCAF R R, AT Bl 9Ca) R
B 7E % Bk A0 S 20 58 AR 3 A0 T 4 AE A BT AR AL
08:00/16+ 14:00/16C & it ) f 20:00/16 =B ZI| (1) H10 S,
JE~ Ripax A1 B AE 43 5 A4 965/970/980 hPa. 41/45/53 km.

A3z RS R HLIX & XA R A 45 0 K A7 R AE SE I F 52 137
10 B
0.8}
K
< o6t
=
<3 04t
08: 00/16
02} 14: 00/16
20: 00/16
0 . . . )
0 100 200 300 400 500
A R AR [ 2 Ikm
(@ #5t
HIRU
10 & AT
0.8}
S
< o6t
-
<3 04t
02} eain]
Bhkie
B
O 1 1 1
0 200 400 600 800
AR AR 1 BB km
(b) LT

9 AmMLIMMEMEALTENSKEERESHELN
(=R ) BHlE (%) BRI
Fig. 9 Th radial distribution of measured near-ground
pressure-deficit for York and Mangkhut
(' Lines are the fitting results )

0.79/0.71/0.65, B[ 75 % fiti i 2 ' Ryay WA 3 KM BAE
WA DN o 52 AN E, G KL S E  1E R
JERULH B W22 k. B R, R S A s S
G YR AP — € £ 57, (H AR 5, Holland 157
AL S 25 SRR A TG R A . SR & XU B S Sl
HiE 5 WA LR AEIE R G % . 5T Holland %
AL A 45 R, AT 7E 13:00/16+ 17:00/16C i) 21:00/
16 = B ZI| (1) 71 02 K Ripax A1 B AE 43 3 4 950/955/
970 hPa. 101/83/99 km. 1.29/1.06/1.18. T WL, Hitt &
PALY T, 1 AT X Bt RS K R ) Rypee A1 B E B
Ko BIRZESFNE EATFTHE 1 & R AT SR BE 5§
IR 5%

REE— R FL G KO AT BB AT S SR AR R
MESMHEMER, B 1058 T I ERIZE S B R
(08:00/15) 7. T~ [H 5 ¥ 4L 56 (08:00/16) % 1E 4 e Hh
DX I 25 i A1 (14:00/16) = AN Z1 3 b TH <0 3% 5 56
Mres . BR g5 32 00 291077 I I KR 5 42 i, 3
AR I B Bl R 0 T R A A B T i R PR 45 R
A% o 0T B 10Ce) i Bl E 6 BRSO 3 45 44, He



138 ol | N B = S

539 4%

(a) 08:00/15

(b) 08:00/16

(c) 14:00/16

E 10 WWMEARRZIEMESEELERIHER ( hitp:/envi.ust.hk/dataview/hko_wc/current/ )
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two wind profilers at SSP and CCH during the passage of Mangkhut
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Fig. 19 Vertical profiles of horizontal wind direction obtained via the composite analysis
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Fig. 21 Time histories of 10-min-averaged wind speed and direction during the passage of Mangkhut
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Multi-scale numerical simulation of the wind field over a
coastal complex terrain during a typhoon landfall

. * . .
DONG Haotian" *, TAO Tao®, DU Xlaoqlngl
(1. Shanghai University, Shanghai 200444, China; 2. Tokyo Institute of Technology, Tokyo 152-8550, Japan)

Abstract: The research and forecast of typhoons in China's coastal regions have significant economic and
social benefits. A thorough investigation of the wind field over a coastal complex terrain is performed using the
multi-scale method which is a combination of the meso-scale WRF (weather research and forecasting) and the
micro-scale LES (large eddy simulation). The 24-hour central route of typhoon Kai-tak in 2012, as well as the
time series of 10-min averaged wind speed and direction at 100 m above the ground are produced by WREF.
Based on the temporal-averaged wind speed profiles from WREF, a cycling turbulence generator is applied to
obtain a quasi-stationary inlet condition for the LES simulation, which further yields temporal- and spatial-
distributions of wind speeds near the ground. The numerical results agree reasonably well with site observations
and show that the streamwise turbulence intensity near the ground doubles as the typhoon boundary layer
marches from the ocean to the observation site. Meanwhile, the high-frequency wind velocities, which are related
to the terrain effect, have been considerably enhanced. Also, a downward mean wind speed of 0.73 m/s occurs at
the leeside of hills. As a result, strong gusts might occur in the surface layer above coastal complex terrain during
the landfall of typhoon.

Keywords: typhoon; multi-scale; flow over complex terrain; turbulence; numerical simulation
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Fig. 1 A sketch of the multi-scale simulation of a wind field

over a complex terrain

ASLLL 2012 FE & W F GG R RIS AE
56, K 2 RIE RS T7 7, BEA T 6 KRR I
JA SR B AR PR T 6, () S 45 SR B IE . BTN A
AL 2R B I B I R ) B XK TR 45 R B
RBTHRI R ) K Bk ik A5 2%

1 BREMER

1.1 EXBERR

1213 5 & K2 4 (Kai-tak) T 2012 4F 8 H 13 H
P SR 72 LR VETH I 98 BN 28 13 5 3Gy 2 8 H
15 H 21w s & ) 8 H 17 H 4 1 30 4R Ja £
TRAE WYL T B B, 8 Bl I A0 BT B K R IA F
13 s 2 Je ik 75 M0 2 5, i3k N A0S I 75 60 e Ik
B, B E T 8 H 18 HiZWiiH . B2 R/xR 7 /EME
G R H L AR

2 ARBEEHOEE (RE: BASKTM)
Fig. 2 The central route of typhoon Kai-tak 1213
1.2 S FE#
U3k UL % ) 3 S T A R B 4 R g



%43 IR IR RIIE A

= AC BUREIR R E NS QIR SN 149

ITIGUE o [N A8 WL T 2R B A B S e sk T
IR & AT B B R AR OGS B o AR I B AT T o
5, IR ES (AL B N (21°0'44.90" N, 110° 31' 33.88" E),
ZALE AL T A KRR R ARI . i 3 s, TR EE A
%2 H = Sy BIAE BE B 2R 100 m. 70 m. 50 m. 30 m
AL . W KB 4% NRG #40 XUE i FT NRG #200p
JA ) A% B S, B H O 6 9 AT AT R ] )10 min P
B bn e 22 B R AE RN B /M

B3 FigRURE

Fig.3 The wind observation tower at Donghai Island
13 SEBSHHEM

R T B N 2 RUBE U L B e 5%
PER AR BT . AU & R AR LR 0
73 A B R Dy 3 [ [ 58 8 TR 0 (NECP) $i2 £ 11
FNL 4= ER ) #7 %k} (Final Operational Global Analysis)
HOIE AT B 6 h B — UG M R HER N 10,
TR 26 MRAESE J1 )= (100~ 1 kPa) | MR 5
J2 RHRZE T 2R AR R
1.4 HuF i 55 25 44

TE M 3R B0 U T, % T WRE F 5L 41 2 do1 A
d02 X IR I T 56 [ 4 57 B 48 =) (USGS) #2 i ) 175
i e R HOHE A0 M 3K 78 55 BUHE X T WRE A (W
d03 [X I AT LES 55 DX 38k, JU) SR H 1] 5 6 it 224 /2,
L FAE) 30 m A% ASTER GDEM HijE #d #l GLC
Hh 7 o B

2 ZRERUTTE

2.1 WRFitES#
MR B0ME i+ 5% ] Advanced Research WRF

(ARW, Bl WRF J TR0 5 1t A D o ARW
R T A AT R 4R R K ACER A 77 R, SR R i ) R
7158 I e FE AR bR &, BT R 778 5 kPa. WRF
(T IR A% S B B 4 FI SR 1 BT . B 3t
61 JZ WA, A 78 I A A7 B A JR 8 1 10 )2 8 JEE 4
5 A4 11.23, 13.82. 15.56. 18.17. 20.80. 22.57. 26.08.
27.88. 29.70. 33.28 m. JKF 5 A R H = JE WA ;B
WA, B dO1. d02 11 d03, e #h 2 do1 B HE T & KU 42
5t ot A (X35, s AL O3 U 2 B 56 T AR I A
JEAHTE o )2 PRSI A% R TR B AT B 8] 25 K dn
%1 s, B E A5 R T Runge-Kutta 775 . P 3
SN T Z T, K T WSM6 ) # J7 & . Kain-
Fritsch #4 == 77 Z& . Monin-Obukhov £ [fi & /7 %&. YSU
KA FZ 7 % RRTMG 45 4 77 % F1 Unified Noah
i T 2% 7 5%

24°N
22°N
do3
20°N
18°N
Domain 01
16°N OBS

106°E 108°E 110°E 112°E 114°E 116°E 118°E
E 4 WRF=ZEHRERXBMENGBEROEEER

Fig. 4 Nested domains and typhoon routes
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Table 1 Parameters in the WRF simulation

[X 45 % &) T Bk
do1 180 144 9 km 1611x1287 km® 185
d02 150x142 3 km 447x423 km®> 6 s
do3 145%124 1 km 144x123 km®> 2

22 BEIRNRAIGRRERFEAR

SR FR AT B0 N B AR T S 4T e A R R4 1 R
P . WD s, 23530 5 BOE R BN 3 BE 53
A (Ui, Vin, Win) HI WRF 11 5 43 2] 1) ~F 35 3 B 35
up(z) FIN E1 R i 1A% 34 52 & B A 778 2R W T ok
(Ures Vrer W) [T K BI04 A, o AR 5 BRI 2R AR R B
(] ~F- S5 1

{ Uin (y,2,1) = up(2) + tre (¥, 2, 1) — lie (¥, 2)

Vin()’:L t) = Vre(yaZ, t)_‘_’re(y’z) (1)
Wil’l(ys 2, t) = Wl‘e(ys Z, t) - Wre(y, Z)
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Fig. 9 The power spectra density of u at 10 m above the ground
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Effects of ocean movement on the horizontal wind speed characteristics
throughout a typhoon landing process

. . 2, % , . .
YUN Yiwen', KE Shitang"” > *, WANG Shuo" %, ZHAO Yongfa', DU Lin', ZHANG Wei'
(1. Department of Civil and Airport Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, Chinas
2. Jiangsu Key Laboratory of Hi-Tech Research for Wind Turbine Design, Nanjing University of

Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: Existing engineering empirical models for typhoon wind fields are corrected based on limited
measured data and does not take the real-time coupling between the ocean movements (e.g. wave and ocean
current) and the horizontal wind speed into account. To explore the influence of ocean movement on the whole
typhoon landing process, an atmosphere-sea-wave (W-S-F) real-time coupling simulation platform was
developed based on the MCT coupler by integrating the mesoscale WRF atmospheric model, the third generation
of shallow sea wave SWAN model, and the three-dimensional hydrodynamic FVCOM model. On this basis, the
spatial and temporal evolutions of marine environment throughout the whole landing process of typhoon
“Meranti” were simulated. Next, differences between the W-S-F coupling platform and the decoupled WRF
model throughout the typhoon landing process were analyzed regarding the pneumatic structure, vertical wind
shear, heat flux, and friction velocity. Finally, effects of the ocean movement on horizontal wind speed
characteristics and action mechanism were extracted. Results demonstrate that the proposed W-S-F coupling
platform can simulate the wind field throughout the typhoon landing process with considerations of the ocean
movement. At low-altitude spaces, ocean movement can promote typhoon horizontal wind speed, but this
influence diminishes gradually with the increase of height. However, at high-altitude spaces, ocean movement
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inhibits the typhoon horizontal wind speed and such consumption is strengthened as a function of height.

Keywords: typhoon; ocean movement; W-S-F real-time coupling platform; horizontal wind speed

characteristics; influencing mechanisms
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Fig.3 Numerical results of the wind fields at different time instants
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Fig. 4 Numerical results of the significant wave heights at different time instants
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Fig. 5 Numerical results of the surface flow at different time instants
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Fig. 8 Three-dimensional nephograms of the wind speed distribution obtained by the uncoupled WRF model
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Fig. 12 Variations of the influences of ocean movement on the
typhoon intensity with height and time
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Research progress and considerations in the research of
non-stationary turbulent characteristics of typhoon wind fields
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(1. Key Laboratory of C & PC Structures, Ministry of Education, Southeast University, Nanjing 211189, China;
2. School of Civil Engineering, Southeast University, Nanjing 211189, China)

Abstract: The turbulent characteristics of typhoon wind fields has been a vital research focus in the field of
structural wind engineering. Unlike the conventional boundary-layer wind fields, the typhoon is an exceptional
wind field with extremely complicated non-stationary features that cannot be characterized by the parameters of
statistically stationary wind fields. Based on the domestic and overseas achievements on long-term field
measurements and accompanied analyses, this paper presents a review on the advances in the research of non-
stationary turbulent characteristics of typhoon wind fields, aiming to summarize the approaches and models to
characterize the non-stationary wind characteristics. Firstly, models for stationary and non-stationary wind speeds
are reviewed, and the approaches to determine time-varying mean wind speeds are introduced. Secondly,
advances in characterizing the turbulence intensity, turbulence integral length, evolutionary power spectral
density, and time-varying coherence of non-stationary turbulence of typhoon wind fields are illustrated.
Challenges in characterizing these statistics are emphatically discussed. Finally, problems that deserve a further
in-depth research are proposed in allusion to the non-stationary characteristics of typhoon wind fields.
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Fig. 5 The time-varying coherence model for a typhoon wind-field
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Application and prospect of Dopplar lidar in the wind field observation

* . .
FU Jun , LI Jie, WU Qiang
(School of Architectural Engineering, Zhejiang Sci-Tech University, Hangzhou 310018, China)

Abstract: Doppler lidar plays an important role in the wind field observation in clear sky weather due to its
high measurement accuracy and high spatial-temporal resolutions. This paper reviews the research status and
application of the laser wind measurement radar technology at home and abroad. Based on the analyses of current
problems of the laser wind measurement radar, directions for further research are proposed. This paper also
analyzes and summarizes the application of laser wind measurement radar in wind fields and the integration of
meso-scale radar measurements and CFD simulations. Especial attention is paid on a multi-scale analysis of wind
fields in a coastal area. The results show that the laser wind measurement radar can enhance the capability of
wind field data acquisition. To acquire more accurate wind field information, a comprehensive study of the radar
measurements and numerical simulations is preferable. Finally, prospects for the technical parameters of laser
wind measurement radars are put forward.

Keywords: laser wind radar; atmospheric wind field; wind measuring equipment; mesoscale simulation;

CFD; wind environment assessment
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{EL b T PR L P B T e s A5 AT F e A
A LA P A REAT & B GE T Hi R, 0l A2 AR B 2R )
I b DX TR 5% Y o B RO T X Tk A T R
RLIN KA )R] SEPEAS 2 1 — € (R TH HAEFE . K
FAERFIRR AT, WOLAR 5 58 2 S HR I 1k 52 357
M, M ASE A5 SR T B — R O B A8 BEAT 07 s
SR I Vr 2 4l B % B 7t 22 B a7

BOLI R LA ER R 2P SR
B N S R PR 5 R A, SR R 2 R AR R AR
535 M AL S O R R R R B %
W AT FLIRBEAT 1 S5, 0 777 (0 ) R L 1 et
e Ht o I M 1 OGN XUTE TA 1R X7 A0 ) N2 A
D, X I i b B X W3 HEAT T 2 4 B VE A 20 At
B JE 85 T ORI XA T8 E X 37 TR R R K
.

1 HHANRELRFSEAARHR

1.1 ESMEAMREZEESHEAER

3 [H & # 2 7] (Raytheon Company) T 1968 4 fiff
il S B — S AT ORI R A . 1970 4F,
Huffaker 5% 3 F il fik o 28 CO, AT 22 3% 30 X 75 3%,
REWLM 35 m ¥ [ P9 R, I B2 FH T 90 26 1 2 i L 2R
WP, 2002 4, WIE T 5 — RO AT B T £ 3 8)
WO T A R 4i—— Wind Tracer Jik A+ 2 3% B30
Tk, 1% R I R R 5, RS IE AR, TR TR
FUR R W 25 i & m UM, NASA Goddard 2 7
Xt B AR O 2 3 IR B R o BT
2001 4, NASA Goddard 2 & ) F XUt ¢ B #2438 W 157
A, W A2 B 22 B O E X R4 GLOW, Tl &
ML FT 2 R s 4 2000 4, NASA
Goddard 7 7] 3 ) F X34 2 48 0 £ AR FF & o #l T
TWILITE ik b 22 38 # il X 55 ik, m]7E  CALIK i
(£ 18 km) F Hh T (¥ 75 B 30 Bl 9 X 5 3 J2 XUk AT 351
T2 A, 2015 4F NASA SR 7 638 i 45 56 27 Mg
el Wik #5 220, B T AR B KO 1.5457 pm (1 4H
F 8% X 75 WindIm-age % 45, N T 913 0 2
f R e g 1O

H A& =35 2 7 (MEC) H 20 th42 90 XK I 4R
—H BT AT 2% 808 I XER X 5. MEC
FENF 1.5 pm A R 22 42 9% B K806 & I8 8 5L, 18
6 LT BOE SRR J7 S T B R 1998
B WEEIH IR B AR T LS pm AR 24K
T 22 3% B BRI R I8, BT KT R R

800 m ) H A= FR M . 2002 4, MEC A ] JF 4 % F Wt
il AT R G £F M 2 38 B OB I X TR ik . 2012
£, MEC A & JF 2¢ T Er,Yb:Glass 3 0t %% , #f 1 i
1.5 pm 3 K 19 8 2 3% 8806 0 )R A, AT R
30 km BL_EEE 9 RIZT 2018 4, B IKHGE T 2 pm
Ho:YLF CDWL, F| H 100 mm B2 55 7 1 s WLl B [a],
BEFRAF29 15 km S0 [ A B JXUER 218

KA K S5 CESAD 7E 1999 4 41 5 3 4 BR 55 —
G 8 B E R INEOE 2 3% 8 XS &R, 2007 4
FEUGH H0F iz P2 R 30 IR O 2 3% B XU
5 CALADIN) PAFH T 45 R R BE 28 00 1), ALADIN
% 8 B R SO Tk, K 355 nm, B AR
N 50 Hz, b 2 S8 3h12 Nd:YAG #O6 2%, TR0
A RO L JE AT KX 3 L TS R Rk i
VERI A7 B g A 220, 2018 4R #5800k B 1B
FE W Vega K & BT Tt 2%, A & 35 B HHOL 2
B0 IR A RN R B B P

7% E LEOSPHERE A ] A4 7 ) WINDCUBE % %]
2 34 SO I RCER T, T8 ) KSR ) 1A
S EVAS 5 77 A 1) 2 5 B RS, T XU A R ] S
B, DURIR A m i =y R mi R 5l . B
2004 4F i 07, WINDCUBE £ 48 24 2 N T %
FhEA 85 4 #F . LEOSPHERE L4 H £ 2k £ % #1i0
MR FE L, ATHRAEEE A48 200 m( WINDCUBE V1), 3 km
(WINDCUBE 1008). 6 km( WINDCUBE 200S) 1 10 km
(WINDCUBE 400S) i [# i1 X715 £, WINDCUBE
V1/100S/200S/400S 514 A 22 1 B0 i R 75 18 2 Jk
T-U fkrh 22 3 8 A ks JE FE, B9 1 /2 WINDCUBE 2008
R EINESS

E 1 WINDCUBE 2008 i%&E
Fig. 1 WINDCUBE 2008

[E] S50 PO R TE B R 5 & AT T SR
AN HIWEIT, (5 2 Bk 7o 8 b T A T 3R R 1wk 7t
SRR S S /RGP DR PUSUES 353 e o -3 VA |
TR RS« 70 7 O SRR 9O BUR R
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539 4%

WMo 3k, 56 B A0 WG AL R = 0 B 2R O 2 38 )
DX 7R 95 B W 1) R 3 2 A I XU TR OB #E AT B K
o EAMHT Z H N E SR EEGFU TR
JE#a# . 1) WindTracer. WINDCUBE #0% il K\ & 4t
AN TG, A B0 A SRR S TR A R R 4R AR A
W O 4K s 2) Bl 55 D' 21 38 TR R R AS I R R, Ol 41l XL
TIE AT B 7 PUE ) K, 0B A BOE X 1A B
FEAE AW BEAT ERAL s 3) 5% T O6 I KUK B2 AN 4%
B AE YL XD AR 0 s v W &, TR R 2 Dh ek s
RIE
12 EBREAEMRNELEZESHAARIER

T WO I X TR 2 A AT A S [ Ak 2 A

2010 4F o [H B 7 B R A )8 =Bt AR
il 1.5 pm 3 2R PR A T O B IE, 1% E I8 TR
100~ 200 m B B A A9 K3 R ) 3E 4T 2 0 i,
2012 G R SPY B R T — B4 2 % 5 EH
KB, JEH VAD R i 75 2O I &R kAT B
W AT, T T VU U ARORE OIS Ak ) KT R
MG FE . 2013-2015 4F, [F P4 i) H 52 0% I & 800 m
PR TG 1) A 6 AR A T O R T Ik . 2014 4 A [E R
Bt G R UM ST T T 1.54 pum (1 4
FAF T BOE MR E IE, FETHE T 1.54 pm 426 4F
WU A T80 I KRR 1620, b R B 98 HLAG) 1 BT 30 49
R L 1,

F1 20102015 HTF BN R E E RS 50

Table 1 Parameters of coherent laser wind radars manufactured in China between 2010 and 2015

T E TR R A Hh B2 e

ThE TR AR

LA BoHEURS  RERERENIUE  sotbesr T OHERE EREROR
oy 2010 2011 2013 2014 2015
WOLHEAK /pm 2 1.064 1.55 1.55 1.574
Jikrh 56 % /s - 80 - 200 400
FRMPE RS /m 19~96 30~500 1500 3000 120~3360
SR /(s ) 0.3 05 0.5 05

Ak, [ P T OG0 XS Ik B 5T IR AE AN B
RN o 2017 48, ot [ B2 1R k2 F v 7 46 i oy
il 7S 5 — & R R I AR A bR R S
A I AE T 2 3% B ORI R TR ik . %Ik RG] A
76 10 pJ Bk e 5 60 m 85 BS 0 FER &R T, SL
6 km 1) /K F 3 W &, I A 45 7K P R 3% ) PPI
FEAE . R, T E R R KRR BR b ek
LT BT T K 2 b T R I XS 2 S B
S RER IE, %08 B TR SR FTORS 18T e A A, $
T RGN E M, HH R T S R AT S, —
PR BT b A pe T % 2 B0 KR GE A7 78 1 i) S

2020 4 [H 77 i & o b 26 IR A
(WindMast 350-MB), 41 & 2 Atz , HAR W v B a N
20~350 m, $O%I K N 1550 nm, KRS FE <<0.1 mJs,
HFH#E 7 X £ 3 R #/VAD. WindMast 350-MB
RGE S A B 60~ BG5S faoe M
THE A P03 R O B0 o0 BT AR R A8 o BE S ORI X
BARMAW RKE, HrmHHE a8 T —2mE
J&, AR A R WOG A BR A m AL R
AL B WA ARA T PERROCE T T REHAM
B 5k BACREHLIE &R 5 %48, T B 1550 nm
A LF AR WO AR T 2 3 ) B A R SR A, 32

(78 FH 0 75 0k A Hb 2 0O I XU EE 78 Molas B300
FAHLAE =6 X F5 78 Molas NL.

El 2 WindMast 350-MB % % [E
Fig.2 WindMast 350-MB
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{ELE] A 75 0K T A AL FE AR, K 2 08 5 B AR S8
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i A EE TR 5 A BRI P L 1 0 A
A LA BB BT, HA 5 HAMEAE — I ZHE, &
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2 RS XUES I 7E X35 ML i <5 4 R A

2.1 &5 X35E R A

WO I AT IK TE s A3 A3 1 . L X AL
AR R M R . RIAE 2 — R KRR, K
e X% B CXU ) JRGHED 7 25 R KT e T LR B )
Ao Uk AR RN HLY AT ARV 1 AR A
Flsgm 2o E B DLE s E BR L% R, B3 B I
TEE %, #s SRER A1 20 5 2% M F 1) T 7= A 1) 8 X
V178, AT 665 & B A = 2R B R — RS ZL . A UL
W AR S PR At i, 7ENLIS B — & & 235 8 K
S 1% CTDWR) FEOE 5 35 2 G2 1T S i #5620,
TDWR & C # B AR AL 75 18, K% R 5.625 GHz,
RS kR BE BE A 1.0 ps, LG T R 250 kW, T
&y 500 WP, FwMER LA B T GLYGAGH 1T
P A% 43 i R AR T B9 FH AR 25 S R BT AR
FIFH KR A 1 5 S 50 7 AT VRN, BB g
it EDR XM A k47 il . Hon 258" 3211 CIDV
WL, Z R R AR 1 0 R N 30 m (Y EE
B E 3h 3 TR AE . N O TR A AT AVM-
GLYGA #585 n] DA% ) 76 B RE . 3 B AR i 1 KL b))
AR RHE, FEAEE 2 K E .
2.2 i M TERUSA S0 R R A

551 28 A AN [, 30 i T AN AN 32 7K S SR
73 M AR 1) 77 5% W, 06 52 EE ¥ T RS . 3 b T X3
(DRI 2 — ot S FH B A 3 0 S 0 B, = R A
JREE O I KRR 3 R T PP o 3 T XU 45
3 VAl 3 AT ST & R b R 1 I 2 AR A R AE
JEIF. 522220 2 A E 7 WindPrint S4000 %0
TR 2 CAn B 3 Frm) %t 1604 558 4 R “HeiH” &
Wil 34 1000 ) J H R 0047 7 0 . %R IA B AR S 40
JEW KA 1550 nm, TR FE B4 120~4000 m, 12 7] )X,
TR B < £0.1 m/s. OGN XUER 1K XU 2k 1 45 e
SR I W 45 5, [ 7 & R “HRIH” JR i K7
{17 BN 1) A8 AR AIE o 330 I XU ER TA R A A /K P 7 A
Fi5 BT R IR 3037 W B TS R AR T S X “ el
J5 i K3 1) 4 1) A0 A R AE o s e 5 B4 o ) 4%
B ARG R R LR ERIREERAT T
Bro BFBOLIRE %5 70 m ) XUES, 764 [ v R
WM& R R FF T 52 me 18] (93 52 A3 B0 T b
ST, WF 9E 22 3 BhO TR Ok AR 25 0 A DA R AR b . 4
SRR, T 1% BT A KPR R A O R A
539 2 0.97 A1 0.99, B X E [ AH % R HN 0.36,
Tsai 2% F| F| WINDCUBE V2 ik #8016 5 A
GG RN FB 240 mof B & XL 52 BE AT W

1% 75 T I AR I T B E 40~290 m, FL A K 1 1 I (8] 4y
H 2 FE E I 22 8] 43 HE % . % WINDCUBE % %t fl
TR P Y DA 3 U ) B84 3R AT X L, E 50 m AT 70 m Ak
RZEEBIN 3%. 45 HER B, N ORI XUCE I8 BT RLES
UF S & R IAE A 1R 7K T IR 37 25 ) B i A, A )
& WL T2 A 1 w5 4 PR TR ER I . K o
AT I B TR 23 X3 Sk, 7 — e AR B A B TR
e %o U HHE 23 A K

3 WindPrint S4000 3L X E &
Fig.3 WindPrint S4000

3 BEHREHIE CFD NEENA

H AT 2 34 80 T ik = 4k 3 O R B AR A -
TR INR RS R G = Yk A3 S5 K, 36T 20 Bk
TR AR AR S B FL A A . R B
J7Z N R IR BT R H A R VA R
FE, FF 38 A A T A BRI B o BT A
AR AT /3T A R EESUE AL 777 = 2 : WRF
B CMAQ B, Kz Z ¥ . WRF X 2
A 55 [ 8 5% KA 70 H 0 (NCARD - 35 (5] 8 52 i 3 Al
KAE LR (NOAA) 55 2 N HLR BE & JF I o RUEE
BUEBM RSP BT, AP A E R WRE SR # 8
R, T BL 22 B 7T WRF-ARW A5 B4 F1 A -k 55
f¥) WRE-NMM 46 5 BT s b B, o R 504 A0 i
3 UL HHE AE 3 KR L B s A e, R R AR
AT IE S5 B0 5 52 0 EHE 19 H P IR E . bR
i 22 % 22 50N, R HORBE B A A S 1) 5 B HOHE R
B 2 B JX 37 £ S B 1 P

i ROBE R0 45 RAE THOR FE A4l 0 R EERS & A
A HE B X . CFD HUE 40, 77 15 m] 6f 5 44 2 S B
F HUTE T 10 R 14T /N R R 40 AL B0, LA 7 vk
FEA BEEHEL(DNS) . KR (LES) & 75 i P34
(RANS)BY,

Hh R B A0 B AU A AR X 8 AT S
JE K% S RAE, (AN B8 RS B VE Al X35 9 JR3 38 KGR
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Ty WS IX R B B H1 T CFD A5 8L g 57 v >k F AR E
AN XU 25, PTG IG5 PP Aty S B ) R F N 2%
P RIS . RS R AR A RRUE CFD
B IL ok N o H R 3T A RUZ WRE 3K
AR EE CFD A5 33 57 rh R UR R 5 5 300 X 9% i
BEATPPAG o op ROBEAEAEL AT DU 200 i URUEE CFD R
AT RRIE o X T R A, ATREEOE I X TR A P
LU 5500 A K AL P 5 SR BEAT 5 s BT 3R e T
il TR 1, S e L5 (1) X 1 a4,

4 SHERIZEME S0

B RO AR, M)A BN o AR
gl AW, WO RE X 5 T 23 KT LE
X\ B2 g 2, AT B T 50 m LA BRI . (H
PG XTE 35 A7 LR 2 AR RS [ A 1) N0 20K5 2 HY)
S I R e o 1 P P E NS PR e SR el DA NER O
55 CFD FALL 25 & SR SR A HE i XU (5 8, &l 4
Ji7s o

GRSV
WIAFFE

Uran
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Fig.4 A combined application of wind lidar and CFD
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FoXF 4, LA 45°10) b #E 4T CFD B B . 45 R LW
DRI 5 Uk 5 22 18] FR) S N Ul 2 PRy XU 49 5 1 P e
WA o O B2 2 TR AR A S5 AN A £ 1 Jik PR T4 <
T A AN F LR . 2SN TT R DX I
IR B AR I HL it 7 5 B2 AR A T AR o 7R KU A IR
LR PR 1 DX S5, T A I 1 d e [ 35,

2) >R P HEL 7 PR S AT e IR 4SS 3 A B A
BEAT D37 LI, 3 A 5 SR 3R B« Uk 25 4 00 3t T A A X
- 59 IR AN it IR 7 A A 2 S, L A o XU (1
5 T A8/ 5 A 10 3 D XSS B e FRD i 4
A PR T XL R 1 B o ) 2. R MG B R

FI CFD A AS A0 5 VE B 9012 1 IX 1 44 FH i B 0f AR
Bere R R, 45 R0 E M R B R, L Rk R
il P2 6 IR 7 A — 2 A5 T, X — At it AL RS 2 1
BT R Y, B S HR T KGR B R ek R i A
JR I B A 7 265 VL SCHR [44].

3) K HH  LWR2500 0%l X B 15 M T 4F H )
AR U e #3815 & 4% PR A = 7= i, B 6D, 1E
2020 FEHEAT T W AR G I, FE 0 SR I X XU
BHEHEAT TGt 500 1% FH kR 50~2500 m
o R Y R P R R e o, AR R B LR 2.

Bs5 BERMLEBHIE
Fig.5 A topographic map of Huangxian village

6 IUHZMERK (EAFHERY, HAMEMUREE)
Fig. 6 A photo of field measurements (the hand-held weather
station and laser wind radar are respectively on the left and right)

&2 LWR2500 BtMREZ R AR S
Table 2 Technical parameters of LWR2500

R3S 155045 nm
TR 9 50~2500 m
JRTE I 5 50~2500 m
R N K P 0~60 m/s
JR e 0 0.5 m/s
PRE SRR +3°

B Y, X O S AN XU A [R5 U KA
7 7 B G Lot By A, S5 R R 1% % I XA K
FIAG JE 38 AR 2 SR = 4R 37 . £E BE T 52
T 3T IG5 A 8 AN A TR I8 S T R R AL
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Fig. 7 The coastal wind velocity and its standard deviation
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