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Abstract: In order to deeply understand the uncertainty affecting aircraft icing and its re-
search methods, the sources of aircraft icing uncertainty were introduced from the aspects of natu-
ral icing, ice wind tunnel test, and numerical simulation. Taking Monte Carlo method, polynomial
chaos method and random configuration method as examples, the advantages and disadvantages of
various uncertainty quantification methods in calculation ability and solution accuracy were sys-
tematically analyzed.Furthermore, considering the quantification of aircraft icing uncertainty at the
beginning, focus was put on the influence of icing condition uncertainty on ice shape and aerody-
namic characteristics in numerical simulation. Finally, single-step and multi-step methods were
combined to determine the best ice time step to improve the accuracy and efficiency of ice calcula-
tion, to quantify the ice uncertainty of other key components to provide support for the more re-

fined design of ice prevention/de-icing system, and to build a high-precision proxy model to re-
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place the original complex numerical simulation system for meeting the computational challenges

caused by the combined action of multiple uncertainties, etc. Overall prospect of uncertainty

quantification method and its development direction in aircraft icing application was presented.

Key words: aircraft icing; uncertainty quantification; Monte Carlo method;

polynomial chaos method; stochastic collocation method

KHLIE B = )2 RATEE, = )2 P i 2 v oK
fi 7 B RHLA AL HL B kS HLEE E S R
S REVRESIE KR . RSSO U /AL
MY BEm R AL R B PERE X R AT R
P R R F T E I B SRS A TR
B GET R R T, el ROHLAS PR i A A
B L 19 R 2o 1526, plr T UL TP 2 K )T TRBL TR
TR 2 S PERE R MR 7 R o JT & RALAS vk B 5 nl
PATR AN 2R 0 52 2 W Bl e, A 28R T B /
BR UK FBeAIRCR IR A B FARIIE WAT 7 42

LA PKBIE ST ) T B A BUE AR DL A4
VR I (A 45 UK KU SR | Mt i 3 e i Rl g
S W T RALAS KIS AR R 2 YR,
S AL AR B A A, X SE 05T T B HE S A
TE A RN E T, 33X S8 1 o P 2 T35 T 245 K
BIBETE 5 0 Ao He R, RIRE 2 45 DO IR B S AN
i %E PR 2 51 ML S M RE 1 B R AN H E
PRIt RBIL S DI A AN A e B

T Ji& RALES KA B 7 PR AL WF 50 A A 258
SC, FEARBUAE : O RALES DK 32 R A 7 1 AR
45 MR, A L M 245 DK BBl R RE L B AT S i E
P 38 H BB E VR AT B AR T L ST
RAE L TF i RALEE UK B9 A 8 2 P & A 5T
AT A5 2 5 n] SR 09 2598 5 O T e 25 vk A i 7E 1
A BRI FE A5 B 45 DKA% 1R X 5 DR <3 1 BE 1Y
SO R L W IR ARG vk A AR HLBE 52 i AL 1 A7
e HEAE T s @ JT J 45 vKAS B 5 PE AL Y B9, 7T LA
X TRHLEE DRI 5 b A S 6 T Be Ay 5007 vk R AT
AT, SR B T 45 vk RE ) 2 i B AR AL
i o

AR SCEE R RALES kG e v A7 AR B R AN E
PEIR] T, DN RAIL S UK A AN 5 1 R T 45 VKO 1 o
PEREAL D7 V5 L TRBILES VKO B 5 T A BIE 5 A5 LT
T, TP VRN 255 o JF 3Tt N TRBILES vk B #F
FF B R 2 R R S P AR T
EAEZ AT XSS VKA E PERFTE AT T R,
S B R OR S5 DA B E P ALY B 9T T AR —
A%

1 "KWL ik B A 7 RE 1 SR IR

BAFMH T CHE KA HE kIR
FAR 25T T RLES DK S 1 5 Mok IR 32 24
5 RHULAIANE AT AR AR
O CHLAE il 1 i 72 A Ak it 25 5 BT AME R
PR — W 22 S, H AR A B R 3 T R RS S
FTRALILART ST A By 5 P, 23 52 0 245 7K B DO Al
RHLEY B PERE ; @ RHLTE AR A 0F T RATHY B
HRAET] R EE RS K& & K TP E R AR A
KL 25 AR AL IR, TROHIL AR T A 45 oKk A= K A TR R
SRR R CHLE B PERE s © KL AT
o T O R R AT BN E A, DA RCRAT
GRS 25 DI BT B AT R AN E T 2 X 4
UK B AN AME 7= A2 B2, B 28 22 B2 i TR R
Fkae".
1.2 ik XUR 38 A 9 R 1 Sk iR

VIO B 1K 8 W KPS K R A T
B, R SR EE UKL, oK XU 18 6 2% 1 Il E 7K
DR AR AU IR A K S S ) R [ R4 B )
P2 FAR E A SE X 48 N 2 5 iR 25 FBE A
F 2 A7 iR 22 2 R UG 28 PF B0 R i e e . R
32 B RUSE R vk KGR 56 22 0T e 14 2 4
FE RS, 00 T 45 LA TR A AL 0 B
AR 36 25 AF R REAFTE R B E M . 55 8, 5 kil 8
S B A2 =R DKOE | i T I B R R R
B, — M 3E 5 TLAS 2 9 45 vk R 1 D L6 7
Yy, 2E T AE I BE Al T 6 e 22 59 45 vk s R e it
AEF . X — i B P WA R AR
i 2 fig A 51 S B S5 R ANER E M. X L
W RN TAT N B % B R BOR Ll He
SR T B OR BE P, 2o i R A5 R S
S
1.3 Sk EEEMANTE kiR

S5 VKB LA KT TRy o — =T
B, 38 o 0f A i R AT M R R AR
BURAF K it 45 DK AMIE T2 JLAS vk B2 o e B4 B
(A7 B I A A7 7 3 R AN E PR 3R

1.1



I 2 AL T RAILEE DK A 2 A T 7 1857

R B G SRS R

FETFSR B, B ETRAT R O IR R B
23R KT B UK S VK R R AT R,
SRSy RAEER K 2ES  mH R TR
APATHE BB A AR 23 B 1 — 52 A (B, X b i
BT AR S5

FETH AR T I, 25 vk BUE AL K 3 i
K OB A A S AR SCRE AL B AT O AR A5
RSP, BTNk T — & AT E
Mo BEUKGR AL IR AL T B AR A I R S
ZE UK ) R A AR £, L 28 () Messing-
er™ Myers™ % 45 | 36 A B 45 VKRR AL G 5 5
S5 UK BCE AL 45 577 [ B A i Wi R A A
J5 A Lagrange J7 35 R Euler J7 3", 1 3K
figt 7K T i 3 7 R R R ) 3 5 [ R 23 51 RS
FEME . T3 AN T AR A A B R e ) T 1)
B, AR AT S5 T X 10 2 R X 3 FH A R

FE T 2 8007 T, B AR L0 A v A A R
B8 8 s =X B AR B i AR A o
MARSC S B IS B 55 X SR — R T AR
P 26560 N B ES B AT R OR ) )R £ 45 1T B A
B ARHE M

2 AHEMENHRETE

AN E VE T2 AFTE T (6] 2 B SR T2 &R
e, Qi s R 2 AR ) 2R CRRRR
TR R A AT B AR P8 A 0 PR i R IR 0K AR
B 52 1 43 Sk I BILAS 8 2 P RO 0 AS S 1
TR REMAEAE W REALME , PT LA A R 2 1 Oy
RUEAT RAE , J5 & 2 T X ] A U R T 2
(9 BE AL |, 33X — 2 AN B P 38 DL T AE 3 o 1Y
Ty AT EAL ST . HAT, 2800 U AN 1
8 PE AR AT AR AT XA AT /0N A B AL AS Bff
P I

17 22 Pascal 1 Fermat X} It {5 ] & 44 B 5%
SECT R A, B 201, E AR R
Wiener Fl van Kampen X 7£ B} 2% J2 1 48 H K5
Y RGEFEE T A E T, B EHEMERE,
Xof T R 2 B R ) A R E T Y A S AR I A —
il A Wff o 1, G N R T Y R B B P R R
BIES

e ELARDEFE AN PR B AT 5 1R 22 AN
W PR IR, 2% R G S BN AT P B
HEE R X S o ) R 3T AL 1) A A 2 P T B ok R v R

FHACE J5 245 30 09 30 oL 550 0 i 5 ) N8 25
B M S YR N i P R Y B Y AR
B SHOANE PE AL S EOR i E M T
NAT LA R RV R AR et B . e et AL Ty
2 LL 52 45K 3% (Monte Carlo, MC) J7 ¥ & H ol i
J7¥E o F ARG R T A 22 1 R bl ik
i L T 9 S 3K — O X 3y kA 46 vk

B 07 P AR TR 22 1) U
2.1 MCHZE

MC J5 185 B H Bk J5 1902 — BT LA 2% i
AEREHLAL 5 ] 50 5 TR B TREAR B . ER
36 R G S B B0 A BEL 3 7 A — AR A AR
NEGMASE 21,20, xu ), T RE—AHA
B BEALEE A 2o, 38 0 A B A B B P 0 D R Sk
(RN A=A G U G (N 1V 2 7 il e L
F(a,y)=0 W ff y., AT FR A5 19 — 26 58 315
B Bl

1 M
Horh MR R hAE R A B
fift 1 22 87 W] LA SRR
z_i S o 2
é‘—M;(y,» ") (2)

B MC J7 35 B T 38 4 RAL AT IR 3 25 1
SR AN <R RS OK S R R EDR AR A ) N
il R W XF 2 DK B S i v, B R A P LR R o
TE P 1, B SETE 45 58 B9 R IR 251 2 8003 A 1 1
DT AR ORI S R A, 98 i ok B AL il e
M A FEAR T 45 oK BB AU b, T 55045 vk iy ok
W, dc )i, Ge Tt A 3 M IR &5 vk kOB 45 3L i th 45 vk
14 n] RE V[

il JH MC 7 12 5 A0 R Ui 2% 1 2 BOR i 1

(Mg A 250
|
(gmochBRARA )
|

[ [ I
T ARES ’ FMK

I I I I
1 B2 ’ MK

) ke | HEKT
| | | |
|
(Bemuidp st )

LRGSR il 2 e e A U AR T
Fig.1 Flow chart of uncertainty quantification of

inflow conditions



1858 it = 3

VAR S 55 37 %

R HR ST il A Sk A X 7 B H MLC 2 WL SRR
PSR 1/ VMY R, e T8 B8
F B 1) 50 45 R R o Y R AR Bl B, 2 AR
HH B B AS . XTI — AN R 2
MC J7 ¥ B AH 4k B2 1, an B2 T e 8t BE Y i MC
SRAE ORI Latin 3z Jr RAETAE (H 3 86 Y 2
EJT UL S5 SR A R T BN BRI S5 14, 3 E AT
F g FH 2 31— 5 1Y BRI

2.2 sWMAREFZE

Z W AR Ty R ARk T Iz L OF B
REA AL RGN MR ik AR
REURIE R K K 0 A A B BIL 2 Bl as ) AT 22 I
FF o X PP B T 1R B Wiener ™78 1938 4F i
Hermite 22 W 2%t i 307 B2 dE A7 o0 i 42 10 . 5
>k , Ghanem 1 Spanos i i X Hermite 2 I 20 AE A
1E A8 M g 22 3 TR T v R S ) L A R T
JrEM GG T e 22 58 bR TR () A7 A
(AN 0 T A A B S I ) R 38 B Y
BE 393 A A — 22 72 e 3 43 A1, BRI Xiu Fi Karnia-
dakis™ 3 F Askey F Go ¥ £ 3 IR i vk T X
A B T — A i S A T 52 22 3 o SRR
IEZZ W X2 W R iy %, T A B
— i 11 B ML B A )

Wan 2577 L I Prempraneerach 25k T {4
Uk Z2 70 TR T e I B ORS JE2 , 7 A B A AL 25 18] B IR
e SR R U 4 T 2 onELAE T L 2
TR I 7 ik, BARTr i anr .

HARGRE Y CHL S PERE) Al B d
ST BEHLAE B X, e, X (R DK 3 B
BVRRAX =X, X)), RS Y i

Y=y(X,t) (3)

RGN Y H PR # 9 g A2 i X4

1Y) 22 15 2T A8 BE Y 9 AT RO

y(X, 0~ > a ()®,(X) (4)

Hodra,(¢) 2 ok 1y 2 o 2008 1 JF 1 R 5,
@, (X )2 BB ) 15 X X5 N 43 A1 Y 1F 28 22 1 A
11 22 35 = J50 80 N AT DL a2 (5) 115
n=ET 4 (5)
4 Bl HL A A B 53 A 2 0 R AR B Xiu A Kar-
niadakis 3£ F Wiener-Askey £ 4t ffe ) 19 £ 10 X i@
AT R B BUCA T8 9 1F 38 3L, AT T Ak B S R0 A
Sy AT RN R L, 26 1 25 1 TR0 UL A A R )

F1 BRI HEBRENMWEZERH
Table 1 Common distribution types and their

corresponding orthogonal basis functions

it 881 EATE S
Gaussan (—oo,00) Hermite
Uniform [b,,0,] Legendre
Gamma [0,00) Laguerre
Beta [b,,0,] Jacobi
Binomal {0,1,-+,N} Krawtchouk
R
Poisson {0,1,2,--+} Charlier

A7 bR B0 e L I B 22 31 X 1 A8 KL ek 8k
T, EAR 25 R IEZ AR
El[®,(X)®,(X)]=

J (6)
P, (X)@,(X)dF(X)=7y.0,

Hy,=FE[®/ ], XHE [ AEFWE F(X)RE
B 434 BRAR, 6, Kronecker B4
1,t=J
6”:{0,1'7&]' 0
H b di Hh pR 0 G e A T LAy (X, 2)
(14 J T % =X 3T LA 3
1) ¥ME

HAEy(X,0I~EL S a (1)®,(X)]=

j{za,<z>q>,<x>}dF<x>=ao<z> (8)

i=0

2) Jr 2%
S =E[y(X,0—pFl~ S @) (9)

BE AN, 2010 4F Xl LA 48 T T~ X £ 5
KRV R I B G R AE A EE S B . 2 R Tl
T3 ¥k B A B AIF 5 e HAE T AR sl v g 1 AT LA
S 25 2 A 1A SCHR[58-62 9 T g i) T4 -

TE AR SE A A2 i A 2 8038 IR & 387 0 A 1Y
W4 2% 0T, il A 2 35 R B I (polynomial
chaos expansion, PCE) tit £k 45 7K ¥ AR (4 AS fiff 22 14
XF AL S M BE A 2 e, AT LAE A A 2 R Y
MRS eI Hermite 22 301 A Sy 2 5 5
6T R IE A AR, DA T R O G R, T R
1Ak K M 3 22 7 Reynolds average Navier-Stokes
(RANS) £ il 75 #2 , 38 i oK i R R H a, (), 45
AL APERE Y & T AR 2 P R 45 0KF
AR PCE ST AR, e A 345 ah g Y 9 g3t



I 2 AL T RAILEE DK A 2 A T 7 1859

T T 1 2 A

[
1
[

i A I BRI

!

[@aﬁmw@RANsa@%ﬁ]

P TR

|

SRIBAIN B a (0 FFRS
PCET fIA% 7Y

2 PCE Jr ikt A UK A 8 s 14 X060 /<30 P BE 1 5% 1
iR el
Fig.2 Flow chart of PCE method to quantify the effect of

ice shape uncertainty on aerodynamic performance

Rt

PCE J7 1% B 9K T LLAT &% ME ) 3 A sl i
AE A9 AN B 5 P, ELR B 9F 5 19 DO I A R e AL
AT IS5 UK ELSE UK DA R] L e Sa B S
f14 75307000 A AN B R P e AL T AR B 43
“HCSE RO b T LR R 4 R T DL T A A
PRk

PA—4E g 9], 24 43R BE LS 2 Ge it
B4 T RS B g 2 a0k . i SOE X
AR, R GRS AL B Y A] AR R A o 4
B 22 0 30 58 HE 7 A1 B3RS

N—1

Y=y(z.t)~ > la ()" (2)] (10)

15 15 Bl ML A 4 o (14 2N e A7 7, 3 2k 1) R
AR HE B o (2) i 230X, DT il I A
BB o3 A B9 IE AL, e A ] DK =X (10) i — 20 1
5 Ny

Y =y(z, 00~ > [a ()¢ (2)]=

AVZ:la,-(z‘)(2<p(,-"’)x’) (11)

Horbra, () AR BB, o R Z U IE 5 £
L VRS

o i WL A% 0 A S R S I AT 22 o X g
o (), B e SCHEHLAS 0 o AEME 328 (B] T 1 i 55
kBT GETTREA e

1 M
= - %—2 £
/“’_J,,-yl dF () Mt

Ak=0,1,:-- (12)
Horpr v, RN BEHLAS 5 o (955 R FE R
TEREAILAS 7 o B AE A8 25 (] T 1, 22 30 =008 i e
FEA AT B A 2 I 2L 2
5,>0,i=]
oy
fj=0, N—1 (13)
Ho F(a) MRS R, o () oV () 5
GIPSE RIS AT v 9
kg A B A5 B i A 22 o 2 Y 1
BIH—1k R

f‘.g,so“%xw”(x>dF<x>={

o =1,Vk (14)
1 20 (13) 7 A, % FAE AR T £ B i 2 50 50
Be— g il 2
f’kaga(“(x)go(“(x)dF(x):O,

[=0,1,-k— 1 (15)

N TR kB VLR BT AAR T kB 2 IR

MG 20 (15) , % Fr A I F B i) 22 502X 2606 2 1Y
S R B LT R4

[ (g () dr(a)=0

JIJEIgom(l‘)go(/")(I)dF(I):O
(16)

Lg,sﬂ”’”(x)sa(k)(x)dF(x): 0

(k) —

Pr —
K3 (16) ik — 255 Sy Z2 10 X HE X7 o7 Ay B 001 =
FEOE A

K17 LT Fif 2 Rk R0,
HEE pBy 200 L 0 2 SCEEF T A KT £ B i)
Z 0 3 PR B 2R (17) TP A EE 1A T RRAR SR 2
AT LA RS 2 O AR 3 R LK
WM, IFEE AR (12) KR (171 K



1860 it = 3

VAR S 55 37 &

b
D=0
i=0
k
EQDE'k)/lMl:O
i=0 . (18)
b
ZQEM/AM =20
i=0
gD(kk):l
W 20 (18) FH B 5 i Ay 6 B I 23R
[ Ho Moot P | gp(OM 0
§231 )2 J2y 90(1M 0
: : : = (19)
Mr—1  Mp s Hop— §0(&M1 0
Lo 0 - 1 Jle@] L1

i SR A (19) , 0] DLk A 22 330 2 35 X6 N 1
I R A BT, SR A5 B 2 A A g
X B 2 — 4 () X T 5 4 0918 O O 1 2 g A
Bt AILAE A E0E T 54 ), Ahlfeld 28 F H 45 B
FE SCT —Ff Hankel 48 B i) 25 B8 52040 7 i
it N Hankel i B o 4% 55 0 1F 22 22 30 =X = 30
S, HE A 1 E 38 2 gk . W ER A (10) ~
K (19), WAR X AT B AL & S50 A 5
15 B R ME— 255 (15 B, UK W SR A 43 A 1Y
2N B A7 AE A5 R DL 5 R R e 4 T T TR
1) 25 B R, DA A 2 1 28 2 01 20k I 76 B Aty |
PAT AT & MR

2.3 MNEEZ

I AL L % 2 0 A T 2 A
Fikz— B4 4 T MC J ik Al Galerkin £ 5 J7
R L R A — s A B L )
6 0 A ) O A, O30 o R — B R Y
BEAR (5 8, 0kl 15 1) 28 95 K0 B WL IR B Bk . B AL
P RSB R

B A ) R A B LS B I i
) M A REA B, X T A A, 4
x =1, 5% (10) 3R i A 51 F B ) 500k A T
VTR TR AT LA B BL AT BR T Sy
Wk 2 T R R R R AR y (e X T BT A BE
A L, )L BT LG AR A8 X R Y B AR R
{0} 25 s R A (5 B T ok sk
(4)f Z TR 0T

El[@,(x,,,)a,(z‘)wy(x,,,,t)], m=1, M

(20)

WE AT A A3 R KRy 2 ) 2

AR R BRI R y (2, ) R — D —1TK
A ] 1, 6 W RE A R

y(x,)=[y(2,,t), - y(x,,tc)] (21)

HJE Sy 7 T B, 5 2N ) B S ] Y B

B, DG B X TR — > 3 A S, AT RURE X (20)

5 RN R A

D(x,) Di(axy) Dy (x)) ao () y(IIJ)
qjo(.l”z) @1(.~T2) Dy 1(-752) al.([) ~ y(f;zyf) (22)
Do(xy) D (xy) Dy (2y)]lanv— (1) y(xu,t)

FXC22ME LT RIMEE o, (1) T
FH IR
(23)
Hy AP ITREBREA,, =¢, 1 (2,),arE
H AR a, (OB H A&,y 2 Hy(x,, ) HBE
H1)a) &

AR it XU Ay 3] et P AL TG s i Ak R It
DR 119 AN i 2 % 465 DK AN 1 5 e, L AR AR n
K3 FEFE 3, & Se ki AFEAR S 80K it K
x,, 38 o 7 8 K J7 2% (computational fluid dy-
namics, CED) Jy ¥ XF Fe & & 647 8 1 155, 19
FNEEVKINEREAR SR y (2, 0), B BUE G 1) 2250 5 5t
PERM AR a, (1), 58 a, () IR HEA iR
SEKIME S B

Aa=y

YN A RS g o, RO i 40 A ) A
W 1AL, XA 1 1E 22 2 101 XA Hermite 2 T
3, I 8 R C 7 A5 RP SR R 0T e, A 2 KOS B
8 M A Al A EL AR N AT LS L HE S AR T
PE™, BLSR B AL Bk B B 2 N T R ALES vk
(AN 5 Pk A (H R AR AR 45 vk 2 80 A
SE P, P Bt AN B A S B4R B B0, T 0 AR
TR R TR ARG K O B A
LSRG AH N 0 E M R GE AT R R AL, X 7
F™ H A AERICTOME [R) T 2 v T AT o A R X
5 24 B Bk A AH GBI 5 T, Smolyak'™ R 4k SR R
RGPS GREVE T W 3258 3 @ @ A LIE S B
Bl FE T TR T N AL 4 B R B T 9K 3 3
TEZ A AW E N R T B ah , Bk 7 78 & 48 1%



I 2 A - TRAIL & K I AN Aff o

AT 5T 1861

T AT B Eﬂé(nuﬂﬁ

x(ml

HUKfE BRI (x,, 1)

EX%EE’J%IHJCU

[Td@%mﬁi Tk%]
{ *ﬁ%ﬁuo }

| %m#¢%%%ﬁ%ﬁ |

3 ORI KU S A T A R A

Fig.3 Flow chart of uncertainty quantification of incoming

wind speed

LA B AR mT AR . M A A
P S AT R T PR R R L A o AR A
(ELT7 15 R SR PR 1 A AR A B AL 2 1 v )1 A
B ™, o ar RUE R T Y S A R
O P T T VR O G i B AR R
B A S5 B TR ) REUGS AN S P A 1) 75 SRS W
W, bR A e i 5K 1 R (B U7 15 O & 0 TRl R
A TR R R Y A B X A BE ML G B A A R T
— R R . T AN E PR AT N R

T 8B T VR A TR /N SRR R 4 I T
TR R I A AU

3 XNMEKAHEEENLHE

H T AN M A TR R AL vk i A ST Ak
A B B, HRTAT CHLES vKE(E AR 8L Y AR G
ASH FEPEWF 5T, AT 5 45 UK 4% 1F X vk VS sh
P B 52 i) & T BUA .

3.1 ZKEEHARHEMEI KN

3 25 1) 45 VK 4% 140 X VKB 52 Wi B F 5 v, 2
BN EEHEZR T IR TR WA MR T
YRS R T 25 UK 5% A AN 5 1 X DK 1) 5 i)
AT o B 19 25 DK 4% 1 N 1 o 2 2 AR F
T, 2019 4F Feng %558 i Bk 06 96 F T %6 T
i NS BOR A AN 8 PE LXK R 2 804 1 28 Tk R AR
PRASORI P 08 AL S v O™ 7R 8 T A5 A 1% W A7k
A HAE . 2T e 3 T Messinger 155 74 8
R, AT 37 5 RO UL B S T R R AE 42
At B A VKUKOE | I B AL 45 145 3 1) voE
550 vk M L, B8 0IE T 7E 8 M ) 0 SR iR

HEZR R, A 7K 5 2 R R oKk 25 vk iy £ 22
B, B R AR A IS R T oK B AR R 52 K
JER Bl FAL PRS2 e o BB S b SO LK P E L
Pl ), 3T MC IFiE M 1 0 RBLES ok & 1
AN R A X UK 52 R B8 o TR SR OF 48 T AN
SE VRS M 9 B E AR AL A R AT .

P ACHE R AL bR oy 0 50l R 5% 18] T
T 115 5% [6] 3 11 J5 ), ¢ 3278 A 52 1) FR UK
191 68 A T P A o0 A 4 SR rhon] DA 7R R K
14 Sk 30, AN W R UL 2 R 5 R vk TR W) 5
e, Uk B KR R R A S 1 A BOURR UK S

SV T AR PR R DR IN Sk
FE & 518 G UK B R B T Ak o BT 45 R

e, AT LT A R A UK UKOE B A B A AL
45 R RIS oK AE P AN A1 DK Z AT R 22 5,

0.020
0.015
0.010
LUK R,
0.005 ZE VK _E R
, LEVKIE T R
~ I v
0005 R ISR
————fLH
-0.010 N
-0.015
-0.020
_0.025....I....I....I....I....I
-0.01 0 0.01 0.02
x/c

Pl 4 0 UKL o 7 A3 BT 25 R

Fig.4 Uncertainty quantification analysis results of frosted
[90]

ice case

0.020
0.015
0.010 %ﬁ”ﬁ'zﬁ
0.005 SEVKEH R
~ L5V TR
0 — - — Fipkm
S — LIME
o — \
= 70005 « —— TR
-0.010 N ——— HlE
—-0.015
—-0.020
—0.025
_0.030I....I....I....I....I....I.u
-0.02 -0.01 0 0.01 0.02 0.03

x/c
X

B 5 TR A vk A i 2 Ay 4 SR

Fig.5 Uncertainty quantification analysis results of

a mixed ice case™



1862 it = 3

VAR S

%37 %

B AR PP EDRE AR A B 5 M TR 5 DK VKO B9 3 e
BRIMAE B

TE &6 b, WY UK 401 AN 0 o 2 o Ak 20 B 45 2R
W UK UK IE A 1 7 PR UL 19 25 2R 556 DO 78
FOURAOL B EAFAE—JE 1922 57, D K Hh e R AR
AN R P B A DK AL AT RO B REE

0.03
0.02
ZEPKIX S
0.01 — GEUKIEFE FR
7 — EUGEE TR
L0 - — — FHKE
~ — SR
—0.01 — PR KA
HLF
~0.02
-0.03
0 002 004 006
x/c

Pl 6 B UK A0 AN 1 5 P kA 43 7 4 SR

Fig.6 Uncertainty quantification analysis results of

a clear ice case!™

b 25 BRI 5T 3R WY, AILE (4 W) 4 2% EDRDRE B R
0 7 2 3 Ao AR T S T P T A AR A 8 B ) 45 VK
R SR AN E A5 R S T R T
20 3 1 25 5 | R 1 B R 3R TARELRE B ) N M)
25 KRR PE B 2 IR, 2021 4F Kevin 25 2 BOHLBS &2
1 JE RS RUORD RORLRE B () L 3R b/ kR T IE &R
BS o =TI E S HUE N RANS B R T A A
(HAX L RIH 2PP 455 89°) 1 6 A 3 47 45 vk B
P, 3 5k g 57 AR 47 A 22 10 3R i e AR AT e
B B A T LR A UK TR FRURE P L 951 A Sobol
AP AT U R R B

Bl 7RI 2 i 25 1R B SRR 4 R

0.7
0.6 -
0.5
3;/),-
03
02+

0.1
0 I——

k kJk S
ISR

&7 2 Fr oA R HAX #u6 I8 1 4 )5 Sobol
R B

Fig.7 Total Sobol sensitivity indexes for 2-order metamodel

and the HAX thermal correction model*"

*2 ZBEHMTEEMLE Sobol REE I H™
Table 2 Total Sobol sensitivity indexes for

each metamodel™

. H by HAX Sobol  2PP Sobol
R . N B
5 i1 i
£=0. 239
18y fEx.=11.36 cm £=0.820
o - k./k=0.051
JURER AR R B k/E=0.271
Seow=0. 787
£=0. 239
2B fEx.=14.29 cm £=0.802
o . k./k=0.050
JUREHL A R R B k/E=0.291
Seon=0. 787
£=0. 248
3B fE 2. =27.48 cm £=0.756
o ) k./k=0.052
JuREAL bR IR R k/R=0.341
Seow=0.779
£=0. 326
4By £=0.894
. e K4 UK k/k=0.072
TEA A nEE b/ k=0, 202
Seow=0. 682
£=0.166
O gkmm ee—ooss F 00
sokm ' k./h=0. 288
Seow=0. 882

Sobol R EFEH . X T HAX BRI 5 , £ H&
E ZRBS o X e I 25 KRR J3E 1 45 DK 5% i) 2
B K, TR R 43 90 ik 68 % A1 82%4 s AR, Xt T
2PP R AL HUAS B R B A Wk 5 e g K45 UK
JEL B 0 45 DK S A i) 3 PR 2R H X AR K 2 VKR
JE Y BT R BE 2 Sk 896, X 4 vk FE i Y BT ik 20 N
1Y (HEWFE2),

B, AR L T AN E T R AE I, R
B, [ H R X 2 VK AN (LR 8) . SR T
FHECAE IO T DL R B, A8 2 1 T IR R

0.7
0.6
0.5

04
03
02
0.1

0

tot

S

k k/k S T

corr

A SHL
B8 LAY 2 By JC AR A HAX 8 IE B () 42 JR)
Sobol Z 3 #5 #*
Fig.8 Total Sobol sensitivity indexes for 2-order
metamodel of temperature and the HAX

thermal correction model®"’



I 2 AL T RAILEE DK A 2 A T 7 1863

P AFRLURE B2 2 B06F S5 R 45 KR J32 0 45 DK R i )
M B B JLP AR AL

M 3B 25 T DLE R R R /)
B 280, X HAX BB 5, 8 B A9 52 ) m LA 22 W
ATl I AE 2PP AL HLRE B = A LT A i
ek X 5 K 235 K B JRE R 23 DK S e (1 5 ) AR R T
HEE

*3 BEXWKZLE Sobol R EHREH"
Table 3 Total Sobol sensitivity indexes for the

temperature effect”

S pm H b th HAX Sobol 2PP Sobol
fHFE iR Ei Rl
£=0.302
2 W iR B k./k=0.067 /8:3‘ 750
R s < o e k./k=0.170
comT T=0.162
T=0.039
£=0.190
3 b/k—0 050 ~ *=0.681
S ST k./k=0. 255
- Sen=0.784 T=0.176
T=0.022

3.2 KEARHEEISKIEER NG

SCEEHE 3T L VK AR N X UK
5 ) 0 B 9 R R, AR 1R 6 > i KO S i A
XS Bl M RS ) 1 A DG B9 T AR R AR . 3¢
F2 ZENNOM BT T 45 UK I S B R A X AL LR
A RS o B SRR A 5T A vk 3 T R R
JiE X 38R SR 0 R R L 45 UK iy LA Ak
TE S 5 i 35 RS B M RE A 32 N T vk R KRS
£ 250 5 FE AR T] LA Z % . Papadakis %Y
TF 5% 45 15 3% WA 245 VK ff K o B 0 R AR O R R
i 32 AU 20 1 fig 1Y E 2 VKB RF AiE . Degennaro
SEUCHLLA VORI R DK Ry ) Al F B AL G S
PCE & b & VK F A 7K 9 A 8 1 X —AL Cr
(FROEWMS N R KRF T ZED ca,.. (IR KAA) .
L/D o (e R TFEBL LG ) S5 S PERE A 2 MR . M A AT]
(A FE 285 o] LB % TR 0K 5 B vk 2k
7RI CHL SRR £ 5280, mE K
7B S, W3 Rl 5 ma A /N (LR 9, o dR
dS, 43 3R R R A S, AR B, e R R A, 0%
S M43 3 R RN S, 1Y 7 2%, HEIvh K FE H i 3]
Wi A2 A e d S 34 ) 5 X8 T A vk &, AR vk i
1o B ARSI AL B PERE 1Y 35 S8, T A UK

2 U] (1 B B s X ROBL A B T 8 A R e A (LR
10, P oK B p i 30 B 9 A8 T R s I3 ) .

1E AL UK 242 R A B S sh M i Y
SR B ATR 45 1 T PCE 736 A1 MC 7 i 1 48
THAEE LB (WL 4) IER] T PCE Jr B4 T ML AL AL

1.0

L,max

-20 -10 0 10 20
(dRIp, )%

(@)

8'5 1 i 1
=20 -10 0 10 20

(AR )%
(b)

24

(dR/p, )%
(©)

9 (6%.05)=(10%,1.25%) & FF T 8 UKAS I 2 XS
KRR EZ Y
Fig.9 Effect of ridge ice uncertainty on aerodynamic
performance, corresponding to
(62,04)=(10%,1.25% )1



1864

&
HY

el

VAR S

%37 %

P10 i oK B 8 T XA Bl ik R A B e e
Fig.10 Effect of horn ice uncertainty on aerodynamic

performance*!

3825 VKA o P Ak TR) AL MLC 7 vk A A8
BARTES EKIE S AT EENEL T,
PCE J5 ¥ 7T LAAT 25 M ff Hl 5t A 330 26 AN i o 1 6
B MERE A (R BT O 5T 0 UK TR R IT AN R
LS B pK B TR o TR Degennaro 281 3 7 I
flt b Al 7 — 20 0 AR 4 R RS S A E
(R B TR =R S &l ol B e 21 B A

®4 MCHEMPCEHEMGEITELLR™
Table 4 Comparison of statistical moments for MC
and PCE methods""

Cr oo U/ (7) L/D
MC PCE MC PCE MC PCE
Pl 0.87 0.86 9.8 9.6 16.6 16.5
Ji 0.002  0.003 0.16 0.13 4.0 4.4
R —0.33 —0.37 —0.5 —0.9 0.56 0.40
U 7 2.3 2.2 2.9 2.7 3.0 2.6

BT SRS IR Bl B 45 VKA R At S ad X AR
TE VKB IR B0 8 4 4 I 38 43 (POD) Sk 3851
R 4E 2k 2 80, 18 H PCE J7 36 3815 POD #5
T UKIER 2 0 R B v g 22 18 B WS, 7R S 80
V) PHAT S B 2 A, A S T g B UK T (1 4
TR U /N 4 5 8 (T L P 110, 41 ) 4 4 AR Ak 3%
T T1 R BOME R = A ) o

0.04 +

0.02

yJe
S

-0.02 |

-0.04 |

-0.04-0.02 0 0.02 0.04 0.06 0.08 0.10
x/c

Jay 0 LU O TR R S BT IR X I
Tty e

Local sensitivity: ice shapes corresponding to the

& 11

Fig.11
gradient of lift with respect to the

uncertain parameters "’

Bt 22 4b , 2019 4F Tabatabaei 25"/ F§ PCE
F AR b 5 VKON B 5 P X 3R B 1 B Y B
I8 53 CFD #2484k 44 NREL 5SMW %4 XU g AL i
R stk s #HE , 9115 8 T 5 Degennaro %5 AH 2
4518, BB A 25 UK B 3G, 7+ ) 3 807 AS 7
W/ T RE ) R ECE AR W g . e Ah TR S
B R UK A UK i B 2 52 e XU BIL 2 A 4 2 1 2 B2
B 2536, IF BB AR vk s BE 0, 28K fr 81 2R
AT AR 3G A0, P 2Z 18] 9 AH DG M v] DL 2o 8] 12
L8



I 2 AL T RAILEE DK A 2 A T 7 1865

(W%

1 1 1 1 1 1 0

0 1
01 02 03 04 05 06 07 08 09
I NAS

P12 AR A UK e BT A 4 2 1 A ) A
Fig.12 Radial distribution of power loss regarding the

relative ice horn hight""”

3.3 HKEHTREET SRR

H AT, A3 56 T 45 VK A& 1 o 3 784 < 3 1 8 52 i
5% L Bose! T T B SR IR BT T KU HLAE UK
VKIE Xt IR H ML BE 9 5% . Hochart 28R X
TR B 55 T A 2 145t KT BLE - 45 vk vk IE 1Y)
S DL S 25 VKO R BL S AR I 2w . B ZR
SN0V 3 NREL S825 3 1 i 17 32 /4 45 pk iod 75 (1
B 5 M CFD BLL, 78 P F Hefth 25 VK 2 B0 [R) 119 4%
PER LIRSS T A R AN ) £ S B30 7 3 18 25 VK
e AR B A BTN . AHR, L E AR SE TAR
52 X 45 VK I T 1 A B ™ A AN [) kO ol 3 78 A<
B 1 8 52 e 1) i E M BB AL e = 5 UK A 1R 0T
3RS SR BE 5 WA B AN B GE PR AR e T . IR,
T e 7R A5 N 7E 3 RY 25 vk ik B Y 6 M CFD A4
SLhth b, T2 BT A R R R W e L IR R

0.010 -
0.005
V' =23.646 m/s
V =28.6 m/s
© 0 V' =33.554 m/s
S /A —— Tk
el
-0.005 |-
-0.010
[ 1 1 1

-0.005 0 0.005 0.010 0.015
x/c

(a) U f RS0

JH Bt AL T 2 3 A BF 5 80 R R T X K A S
S Uk 3 Xt 45 VKR AR RS B i AR R R . il
IR 5 T .

PU13 R, 7E 5N R, SR R (V)
KDL B 25 UK B AT AR AR LB AR K (H
FE12°KRIUMA R S5 vk ke 8L T e Atk Ay 72
b, FeWALE K I AR, 45 UK 14 vk %ot ok 3t XUk 1Y Bt
PLAS AL S BORR .  14 25 s 1 ST f A 12° T A
FAF R ok i R T BH S R R e A TR —
AR BRI B2 B (C) LA &8 (C) 5
TF 5 (8 2 55 e R T2 SR A R, BRI
IR o T 1 2 ORI BH 1 F B S e A

B 15 ] UE 24 I fl & A 0 sl i, 3]
R S5 vk 7 B RKOE & T W R AR fR B
TCAA 00 38 T, XoF 25 UK 14 5% i) 32 R B AE 45 vk B
B EHA T RE . 4546 K 13T, AT
DA K B0 A i3 AN Tl 5 P X 45 DK B RN UK TR 1Y) 5 i
o T XL AR T X 45 UK R 7 B AT K B Y R i
HK.

P16 T 45 1 T X ff HL A R i S v A R
fiE T80 F FHFH 1 R BN SE T 48 & 99% B A5 X
], AP 16 o a] LU Y Bl 25 250 A 3, o &R
RO Ge T35 (8 45 1 2 M 45 SR I 4 o8 B0 22 , i B
T EB G E S et R A R i, &
U PN (bek 2525 PO BAWAE ¥ QiE-A I E NI (£
Xt BH 1 BB S AN

P14 I 16 43 51 25 T R i XU A AN
i 2 A X A B R R AR R (L IR R IR
0 L RV I, P 17 ) L T A R AR

0.005 -
[ V' =23.646 m/s
F V =28.6 m/s
or V =33.554 m/s
L N\ - TR
ERGE v
-0.005 [
Q
S,
-0.010 |
~0.015 |-
i U [N TN T N T N TN TN SN SN NN TN SN TN TN NN T T 1

—-0.005 0 0.005 0.010 0.015 0.020
x/c

(b) Zrffihy12°

13 B7RN12° T A T R AN A o A ke 3 R 28 DK VKO 1 5 g

Fig.13 Effect of velocity uncertainty on ice shape of airfoil at 5° and 12° attack angles'

109]



1866 o= o %37 %
08 - 0.10 -
I o= BIEMECFDEY
- [ ———— i CFD
06 0.08 -
0.4 |- i
S s 006
02 i
I 0.04 -
0F - i ECFDE -
i — Wi E HECFDEHL B
T 002 L PR 1 PR 1
-5 0 5 10 15 -5 0 5 10 15
U/ TLf/(°)
(a) T FEL (OLEMIES '
PR 14 R R X B R 0 (99 06 A IXC I )
Fig.14 Effect of speed uncertainty on lift and drag characteristics (99% confidence interval)""™’
0.015 - 0.005
i - — TS 49.922°
0.010 - L
i Of BRI
r C — WSIH14.078°
0.005 - ———— YA H4.134° 0005 b Sl 70 517
) r —— BN ot — IHIHREA
~ L ——— T H5.866° = [
or - = = = FEGE 0010 £
C [GRCE it U
~0.005 | ;
C —0.015 -
-0.010 |- 1 1 1 1 ) P B B B B
—-0.005 0 0.005 0.010 0.015 -0.00. 0 0.005 0.010 0.015 0.020
x/c x/c
(a) NBUAA (b) RIS
P15 Sl AN Xk 35 R 45 vk v (1 5 g
Fig.15 Effect of attack angle uncertainty on airfoil icing""”’
0.8
i 0.10 - N ”
r = HiEPECFDEHLL
0.6 R HECFDIE L
I 0.08 -
_oal
L 2 0.06
02r 0.04 -
- = WiEMECFDEH [
or ANHff RE M CFDEEALL 0.02 |
Do £ 59 5 504 I B I | ’ /P I P R |
=5 0 5 10 15 -5 0 5 10 15
W) TLAA/C°)
() TR %K (b) P R %K

Pl 16 TS AN X TR BEL R 5 0 (99 26 A5 DX fil) ™™

Fig.16 Effect of attack angle uncertainty on lift and drag characteristics (99% confidence interval)!

109]



%9 T 25 A 45« ML I Y AN A 5 AL B 9 0 1867

025 0.025

m RSN Com S

= HATEM - AR
0.20 1 0.020 -
ﬁ 0.15 ﬁ 0.015 |-
£ g I
U 0.10 F & 0010
0.05 | 0.005 |

oL |

A0/°)
(COEIVIEY

/)
(b) BT R

Pl 17 AN A 7 g S A0 5 ) B 10 R e L

Fig.17 Comparison of independent and simultaneous effects of uncertainty'

AR R AL B N5 55 WA AN 8 2 (R A
SR N TH 1 R BB R B AR e 2E o A
oAl DL Y R R IBCAR AN 0 R A i S ] A
FHXE TV 3 28 BRI 1 28 2000 52 W 3 55 T P AS AN 1
SE 78 AR 45 SR 2P B 0 S RS2 W, BT XU A
T AR 5 A P 2 7 — i A R L 1) 558 A A 2 A o
BRI 9 R

4 HERE

BUA 1Y 5 T 45 UK i e P i A i BF 5, 15 21
T E5 UK R AT XA DR B E SR X TR A
SO AEHLBE S W AL A e 2RV T, 68 45 kit
5 19 BE 0 B T RS BLA RS BE B i A R
IR LA SR TRBLES KA ASBR E TE AR TS B &
7 A B 2 ) [ A A 2 ) L LR O E
AAE RALES VK b i 7T i A T A B B, A5 SR A
TEVF 2 BR AR IR R . B [ A AR 25 KA
B M i Y BF 5 R R R B 2 A, S Hh LR
JU A 25 R 5 T A 1] AL -

1) 25Uk T F B

AT, A RALES vk SR DT R AT AR R R
R SR KT A UK S KR i AT
fip R TH R, 2 T A vk A K B s R K
i AU S 3R Y S D X 5 S A 45 oK el R AT AE i
2%, 5500 T AN B R 1 TR 3R AR 5 K O A AL A i i
AR, & T B A R B Z R . 28
5 BAR AT LU i R A 07 O B s R Aok
5, B e 4 SR BRSO M R 135
WA . FIEE AL ko B — R E W AR,

109]

AT LA S b B D R 22 A0 1 T S A R i E
I A I LR TR PR T RS B2 A4 AR R 8
TR

2) B UK AR AL

S5 VKR AEFRALAN [F) X AL AT P RE 52
M A1 AN ], XU 45 DK 2 G 4572 B B3 i) Lk ML 3E 25
VRSB TRBL B Bl R R S HLE R Sk
T AHE IR A A K SRR
PRAUE OB AT 4 4, 3ok 4 5 B 0 407 108 7 AT 2%
B /BR UK R G0 HRTE T RALGS DR ERAL Y A 2
PEE AL AT I 2R X HLEE R IT , bk = X H Al 5
AL B R SC AT T AT S 303 4 6 O T T 2 O B
L5 DR AN T 2 PR R W, Sk SEORS 40 A6 B4 By / BR UK &R
GER BT P S

3) LUK AT 2 N Z

FUAR AT, TRHILE, K 32 R U 4% 1 AN 2 1
WRRE R R, HAT, &4z LI 17K+
(EDRLARS i JEE A AL XL 25 AL — S 5 1 TR 3R 0 4
UKUKIE R (9 IF 52, v A U T RS K & i
SEN VR R B BN, B 2 N E R R
Z I SRHR I BT o Ay TG R TRAT PR AR AT
K B XU, R ok T 2 — 28 d AR T 2 1 1 E R A
ENPYIEATE S GRS

4) G5 KA E kR AT ik

ST il PCE J5 i A A 45 DA i o 2 A
S AN 2 i A ek IR 8 39T A B4 2% 1R R R AT
B, 0 T RSB R R i AR S A B R
B — 20 S AN s M A T VR R S X — i R
ZEF I SR T T 0 K 2l f) 22 0 R i vk



1868 it = 3

VAR S

#
gl

Je AT U BCHF B9 i e 7 75 o U, BEAE TRALAS UK
G T TAE B IRA T, 75 2% CLAS vkad 2
T I 2 Joy AN 2 Ak Ak 0 A, i O BN AN i E
A B Y I, Fhe b 23 0 1 E P A BT 5
SRISE TN, Sy T R R 0 O A PR, T 2
HE— 2 R AN B E PR R TS i i ROR e
S50 R RE S ) B SR Y A AR R Ok AR i
AR S 2% A BB ABL 28 8 I T /N T

SEM:

(1] WRded . WHLHLILAS vk i BUE BT ST (D], 9 5T R 5%
LR R 2, 2007.

CHEN Weijian. Numerical simulation of aircraft wing icing
[D]. Nanjing: Nanjing University of Aeronautics and Astro-
nautics, 2007.(in Chinese)

IRIE ARG R AU RHLES UK A T RAT ) A R 2R ik
(7] fi s 81 %41 . 2014, 29(8):1878-1893.

SU Yuan, XU Zhongda, WU Zhenlong.Overview of several

[2]

ice accretion effects on aircraft flight dynamics[J]. Journal of
Aerospace Power, 2014,29(8):1878-1893.(in Chinese)
REEHORST A L,ADDY H E, COLANTONIO R O.Ex-
amination of icing induced loss of control and it’s mitigations
[R].ATAA-2010-8140, 2010.

ZHANG F,HUANG Z, YAO H, et al.Icing severity fore-

[3]

[4]
cast algorithm under both subjective and objective parame-
ters uncertainties[J]. Atmospheric Environment, 2016, 128:
263-267.

BRAGG M B, BROEREN A P, BLUMENTHAL L A.
Iced airfoil aerodynamics[J].Progress in Aerospace Sciences,
2005,41(5):323-362.

Gy R A AR AR S i LR AR 4 K i T R SR
(7] fiii 7 8 % 4 . 2011, 26 (4):808-813.

YI Xian, GUI Yewei, ZHU Guolin, et al. Experiment and
computational investigation into ice accretion on airfoil of a
transport aircraft[J]. Journal of Aerospace Power, 2011, 26
(4):808-813.(in Chinese)

FH 7K 3, 855 A Sl IR B, 45 45 vk AU 5286 b A9 MR EE 38
(3] bS5 28 i R K22 41, 2020, 46(2):359-370.

TIAN Yongqiang, CAI Jinsheng, ZHANG Zhengke, et al.

(7]

Similarity theory in icing wind tunnel test[J].Journal of Bei-
jing University of Aeronautics and Astronautics, 2020, 46
(2):359-370.(in Chinese)

I M . 3R 28 KRB RS AR D45 R B 58 [D ). g e - g
FALAE LR K, 2012.

YAO Ruopeng. The numerical simulation of ice accretion on
airfoil and control research[D].Nanjing:Nanjing University of
Aeronautics and Astronautics, 2007.(in Chinese )

YAN L,SUN C, YU J, et al.Scaling method of the rotating
blade of a wind turbine for a rime ice wind tunnel test[J].En-
ergies,2019,12(627):1-15.

(101 ZE3 AR 75 B U, 55 . 45 UK ROHL R4 % A B 5% ma L 2

[11]

[12]

[17]

[19]

[20]

[21]

SR WETElI]. kAT 12,2016, 34(4):10-14.

LI Zhe, XU Haojun J, XUE Yuan, et al. Research on flight
safety effect mechanism and protection for aircraft icing[J].
Flight Dynamics, 2016, 34(4):10-14.(in Chinese)

B RALEE VKT B DK M. b5 e U 23 i KoK
R AL, 2016.

BEIR L IRIE 2 3R WAL 45 TSR RIg 1 RALEs kn
By Jy 2R AT [T). SE SR A ) 2%, 2016,30(2):26-31, 37.
XUE Yuan, XU Haojun, PEI Binbin, et al. Dynamic charac-
teristics analysis after aircraft icing based on Monte Carlo
method[J].Journal of Experiments in Fluid Mechanics, 2016,
30(2):26-31,37.(in Chinese)

SAEED F,SELIG M S,BRAGG M B.A design procedure
for subscale airfoils with full-scale leading edges for ice accre-
tion testing[R].ATAA-96-0635,1996.

RUFF G A,ANDERSON D N.Quantification of ice Accre-
tions for icing scaling evaluations[R].ATAA-98-0195, 1998.
SRR AR A CHLEE DKORE AL o DU F 5 R (T
’ATI1%,2019,37(4):1-7.

MA Junlin, XTAO Jingping, WANG Qiao, et al. Advances in
the study of aircraft icing similarity criteria[J]. Flight Dynam-
ics,2019,37(4):1-7.(in Chinese)

GRAY V H,GLAHN U H V.Effect of ice and frost forma-
tions on drag of NACA 65,-212 airfoil for various modes of
thermal ice protection[R].NACA-TN-2962,1953.

GRAY V H, VONGLAHN U H. Aerodynamic effects
caused by icing of an unswept NACA 65A004 airfoil[R].NA-
CA-TN-4155,1958.

GRAY V H.Correlations among ice measurements, impinge-
ment rates icing conditions, and drag coeffi-cients for un-
swept NACA 65A004 airfoil[R].NACA-TN-4151,1958.
MILLER D R,POTAPCZUK M G,LANGHALS T J.Pre-
liminary investigation of ice shape sensitivity to parameter
variations|RJ.AIAA-2005-0073,2005.

MILLER D R,POTAPCZUK M G,LANGHALS T J.Ad-
ditional investigations of ice shape sensitivity to para-meter
variations[R].ATA A-2006-0469, 2006.

SCHAEFER J A,ROMERO V J,SCHAEFER S R, et al.
Approaches for quantifying uncertainties in computational
modeling for aerospace applications[R]. ATAA -2020-1520,
2020.

Wigg, W, 0 IE 80, % CFD AU 3 Ak 7 1 BF 98 4334
] =38 224, 2021, 39(4):1-13.

CHEN Xin, WANG Gang, YE Zhenyin, et al. A review of
uncertainty quantification methods for computational fluid
dynamics[J]. Acta Aerodynamica Sinica, 2021, 39(4):1-13.
(in Chinese)

MACARTHUR C D.Numerical simulation of airfoil ice ac-
cretion[R].ATAA-83-0112,1983.

MESSINGER B.Equilibrium temperature of an unheated ic-
ing surface as a function of air speed[J].Journal of the Aero-
nautical Sciences, 1953,20(1):29-42.

MYERS T G.Extension to the messinger model for aircraft



et

“*

9 ]

I 2 AL T RAILEE DK A 2 A T 7

1869

[26]

[27]

(28]

[29]

(30]

[31]

[32]

(33]

[34]

(35]

[36]

(37]

(38]

[39]

[40]

(41]

(42]

icing[J].ATAA Journal,2001,39(2):211-218.

FORTIN G, ILINCA A, LAFORTE J L, et al. Prediction
of 2D airfoil ice accretion by bisection method and by rivu-
lets and beads modeling[R].ATAA-2003-1076, 2003.
ANDERSON D N, TSAO J C.Additional results of ice ac-
cretion scaling at SLD conditions[R]. ATAA-2003 - 0390,
2003.

LANGMUIR I, BLODGETT K B.A mathematical investi-
gation of water droplet trajectories[R]. Army Air Forces
Technical Report NO. 5418,1946.

ST 5E, 5 W, Tk, 45 5 A M ALK T IO A B A B H
TR Ik Az 3 12 4, 2020, 35(12):2553-2561.

REN Jinghao, YI Xian, WANG Qiang, et al.LLagrangian sim-
ulation method of droplet collection efficiency for complex
configuration[J]. Journal of Aerospace Power, 2020, 35(12):
2553-2561.(in Chinese)

e SRR AR 27 7 ik R HE ML A 8T b s 2s i R K
£ AL 2006.

BILODEAU D. An Eulerian framework for supercooled
large droplets splashing and bouncing[D]. Montreal, Canada:
McGill University, 2014.

BOURGAULT Y ,HABASHI W G,DOMPIERRE J, et al.
A finite element method study of Eulerian droplets impinge-
ment models[J].International Journal for Numerical Methods
in Fluids, 1999,29(4):429-449.

BOURGAULT Y, BOUTANIOS Z, HABASHI W G.
Three dimensional Eulerian approach to droplet impinge-
ment simulation using FENSAP -ICE: Part 1 model, algo-
rithm and Validation[J]. Journal of Aircraft, 2000, 37 (1):
95-103.

SCHAEFER J A, HOSDER S, MANI M, et al. The effect
of grid topology and flow solver on turbulence model closure
coefficient uncertainties for a transonic airfoil[R]. ATAA -
2016-4400.2016.

CULLEN A, FREY H C.Probabilistic techniques in expo-
sure assessment:a handbook for dealing with variability and
uncertainty in models and inputs[M]. New York: Plenum
Press, 1999.

XU C,QU A, LI H.A study on the foundations of probabili-
ty theory[J]. Pure and Applied Mathematics, 2007, 23 (4):
453-457.

WIENER N. The homogeneous chaos[J]. American Journal
of Mathematics, 1938,60(4):897-936.

VAN KAMPEN N G, REINHARDT W P. Stochastic
processes in physics and chemistry[J]. Physics Today, 1983,
36(2),78-80.

LUO M, WEI H. A new logic for uncertainty[EB/OL].
[2021-10-17].https://doi.org/10.48550/arXiv.1506.03123.
EME AR AN E e A iR IM. L B R A
2019.

SULLIVAN T J.Introduction to uncertainty quantification
[M].Berlin:Springer, 2015.

VU SR AN Ve A Y R RS LB T vk AR [T,

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[51]

[56]

[58]

[59]

[ B2 42, 2015,45(7):891-928.

TANG Tao, ZHOU Tao.Recent developments in high or-
der numerical methods for uncertainty quantification[J]. Sci-
ence China:Math, 2015,45(7):891-928.(in Chinese)
FISHMAN G S.Monte Carlo:concepts, algorithms, and ap-
plications[M].Berlin:Springer, 1996.

LE MAITRE O P,KNIO O M.Spectral methods for uncer-
tainty quantification: with applications to computational fluid
dynamics[M].Berlin:Springer, 2010.

KELLER A.Monte Carlo and quasi-Monte Carlo methods
[M].Berlin:Springer, 2020.

LI J, WINKER P.Time series simulation with quasi-Monte
Carlo methods[J].Computational Economics, 2003 ,21:23-24.
STEIN M.Large sample properties of simulations using Lat-
in hypercube sampling[J]. Technometrics, 1987,29(2):143-151.
WEI-LIEM L.On Latin hypercube sampling[J]. Annals of
Statistics, 1996, 24(5):2058-2080.

GHANEM R.SPANOS P D. Stochastic finite elements: a
spectral approach[M ].Berlin:Springer-Verlag, 1991.
GHANEM R. Stochastic finite elements with multiple ran-
dom non-Gaussian properties[J].Journal of Engineering Me-
chanics, 1999,125(1):26-40.

GHANEM R. Scales of fluctuation and the propagation of
uncertainty in random porous media[J]. Water Resources Re-
search,1998,34(9):2123-2136.

GHANEM R, RED-HORSE J. Propagation of probabilistic
uncertainty in complex physical systems using a stochastic fi-
nite element approach[J]. Physica D: Nonlinear Phenomena,
1999,133(1/2/3/4):137-144.

XIU D, KARNIADAKIS G E.The Wiener-Askey polyno-
mial chaos for stochastic differential equations[J].STAM Jour-
nal on Scientific Computing, 2002,24(2):619-644.

WAN X, KARNIADAKIS G E.An adaptive multi element
generalized polynomial chaos method for stochastic differen-
tial equations[J].Journal of Computational Physics, 2005, 209
(2):617-642.

WAN X, KARNIADAKIS G E.Multi-element generalized
polynomial chaos for arbitrary probability measures[J]. SI-
AM Journal on Scientific Computing, 2006, 28(3):901-928.
PREMPRANEERACH P, HOVER F S, TRIANTAFY -
LLOU M S, et al. Uncertainty quantification in simulations
of power systems: multielement polynomial chaos methods
[J]. Reliability Engineering and System Safety, 2010, 95(6):
632-646.

XIU D.Fast numerical methods for stochastic computations:
a review[J]. Communications in Computational Physics,
2010,5(2/3/4):242-272.

SOIZE C, GHANEM R.Physical systems with random un-
certainties: chaos representations with arbitrary probability
measure[J]. STAM Journal on Scientific Computing, 2004, 26
(2):395-410.

WITTEVEEN J A S, BIJLL H. Reliable computational pre-

dictions by modeling uncertainties using arbitrary polynomial



1870 i

HY

g 1 %

%37 %

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

chaos[R].Delft, Netherland:European Conference on Compu-
tational Fluid Dynamics, 2006.

WITTEVEEN J A S,SARKAR S,BIJL. H.Modeling phys-
ical uncertainties in dynamic stall induced fluid -structure in-
teraction of turbine blades using arbitrary polynomial chaos
[J]. Computers and Structures, 2007, 85 (11/12/13/14):
866-878.

ERNST O G, MUGLER A, STARKLOFF H I, et al.On
the convergence of generalized polynomial chaos expansions
[J]. Journal of Computational Physics, 2011, 229 (2):3134-
3154.

OLADYSHKIN S, NOWAK W. Data-driven uncertainty
quantification using the arbitrary polynomial chaos expansion
[J]. Reliability Engineering and System Safety, 2012, 106:
179-190.

LING G,LIU Y, TAO Z.Data-driven polynomial chaos ex-
pansions:a weighted least-square approximation[J].Journal of
Computational Physics,2018,381:129-145.

SR A IR T RO 9K B i 2 08 ELR B 2 T I B AR A
A e AL P R (D], 1 B KA L 2019.

JING Yeshu.Data-driven multi-fidelity sparse polynomial ap-
proximation and its application in uncertainty quantification
[D]. Shanghai: Shanghai Normal University, 2019. (in Chi-
nese)

LIU Z,CHOE Y.Data-driven sensitivity indices for models
with dependent inputs using the polynomial chaos expansion
[J].Structural Safety, 2020, 88:1-10.

CHEN M, GUO T, CHEN C, et al. Data-driven arbitrary
polynomial chaos expansion on uncertainty quantification for
real-time hybrid simulation under stochastic ground motions
[J].Experimental Techniques, 2020,44(1):1-12.

AHLFELD R, BELKOUCHI B, MONTOMOLI F.SAM-
BA:sparse approximation of moment based arbitrary polyno-
mial chaos[J]. Journal of Computational Physics, 2016, 320:
1-16.

COHEN A, DEVORE R, SCHWAB C.Convergence rates
of best N-term Galerkin approximations for a class of elliptic
sPDEs[J]. Foundations of Computational Mathematics, 2010,
10(6):615-646.

NEDATASL K, DEHBOZORGI R. Galerkin finite element
method for nonlinear fractional differential equations[J]. Nu-
merical Algorithms,2021,88(1):113-141.

AT XU HLIE R A B E P CFD BT 52D, JE 5t
fe b Jy ke, 2015.

DONG  Shichong. Non - deterministic CFD simulations of
wind turbine airfoil[D]. Beijing: North China Electric Power
University, 2015.(in Chinese)

SMOLYAK S A.Quadrature and interpolation formulas for
tensor products of certain classes of functions[J].Doklady Ak-
ademii Nauk SSSR,1963,4(5):240-243.

NOBILE F, TEMPONERAUL, WEBSTER C G. An
anisotropic sparse grid stochastic collocation method for par-

tial differential equations with random input datal[J]. SIAM

(81]

(82]

(86]

Journal on Numerical Analysis,2008,46(5):2411-2442.
XIANG M, ZABARAS N.An adaptive high-dimensio-nal
stochastic model representation technique for the solution of
stochastic partial differential equations[J]. Journal of Compu-
tational Physics,2010,229(10):3884-3915.

DAI Y, CHAO Y.Smolyak-grid-based flutter analysis with
the stochastic aerodynamic uncertainty[J]. Discrete Dynamics
in Nature and Society,2014,2014: 174927.1- 1749278.
NABILE F, TEMPONE R, WEBSTER C G.A sparse grid
stochastic collocation method for partial differetial equations
with random input data[J].STAM Journal on Numerical Anal-
ysis, 2008,46(5):2309-2345.
GANAPATHYSUBRAMANIAN B, ZABARAS N. Sparse
grid collocation schemes for stochastic natural convection
problems[J]. Journal of Computational Physics, 2007, 225
(1):652-685.

COHEN A, DAVENPORT M A, LEVIATAN D.On the
stability and accuracy of least squares approximations[J].
Foundations of Computational Mathematics, 2013, 13 (5):
819-834.

HOSDER S, WALTERS R W, BALCH M. Point colloca-
tion nonintrusive polynomial chaos method for stochastic
computational fluid dynamics[J]. ATAA Journal, 2010, 48
(12):2721-2730.

MIGLIORATI G, NOBILE F, SCHWERIN E V, et al.
Analysis of the discrete L* projection on polynomial spaces
with random evaluations[J]. Foundations of Computational
Mathematics, 2014 ,14:419-456.

ZHOU T,NARAYAN A, XU Z.Multivariate discrete least-
squares approximations with a new type of collocation grid
[J]. SIAM Journal on Scientific Computing, 2014, 36 (5):
1-20.

DONOHO D L.Compressed sensing[J].IEEE Transactions
on Information Theory,2006,52(4):1289-1306.

TODOR R A, SCHWAB C, et al. Convergence rates for
sparse chaos approximations of elliptic problems with sto-
chastic coefficients[J]. IMA Journal of Numerical Analysis,
2007,27(2):232-261.

FIGUEIREDO M,NOWAK R D, WRIGHT S J.Gradient
projection for sparse reconstruction: application to com-
pressed sensing and other inverse problems[J].IEEE Journal
of Selected Topics in Signal Processing, 2008, 1(4):586-597.
GREGORY N, O’REILLY C L.Low -speed aerodynamic
characteristics of NACA 0012 airfoil section, including the
effects of upper-surface roughness simulating hoar frost[R].
Aeronautical Research Council Reports and Memoranda
NO.3726,1970.

SHIN J.Characteristics of surface roughness associated with
leading edge ice accretion[J].Journal of Aircraft,1996,33(2):
316-321.

KRR PV L AP, S5 KR 22 R 20 A X ok R i i R
PSS PRI B SE R [T]. B A 238 L R R 22 4l , 2010, 42
(5):620-624.



X

9 ]

I 2 AL T RAILEE DK A 2 A T 7

1871

(87]

[88]

[89]

(90]

(91]

[92]

[93]

[94]

[96]

[97]

ZHU Chengxiang,SUN Zhiguo, FU Bin, et al.Effects of mu-
ti-dispersed droplet impingement and ice accretion[J].Journal
of Nanjing University of Aeronautics and Astronautics,
2010,42(5):620-624.(in Chinese)

G, EITAR, Sk bk, A L HD X ) HL 4SS vKd R K ISR
R IE[T] 22T F Iy 224, 2013, 31(6):745-751.

YI Xian, WANG Kaichun, MA Honglin, et al.3-D numerical
simulation of droplet collection efficiency in large-scale wind
turbine icing[J]. Acta Aerodynamica Sinica,2013,31(6):745-
751.(in Chinese)

SRR GRS TRML B AT B S W 43 B LT, = R
FHEAR,2014(5):54-56.

ZHANG Jianrong. Impact analysis of weather conditions on
aircraft and its flight[J]. Aeronautical Science and Technolo-
gy,2014,25(5):54-56.(in Chinese)

FENG K, LU Z, YUN W. Aircraft icing severity analysis
considering three uncertainty types[J]. ATAA Journal, 2019,
57(4):1514-1522.

ZRARPT . 1] AR 2 vk 38 2 VOB R 5 (D .
i B SS I R, 2019,

LI Peizhe. Numerical simulation of wing icing for natural ic-
ing flight test[D]. Shanghai: Shanghai Jiao Tong University,
2019.(in Chinese)

CAO Y,CHAO M, QIANG Z, et al. Numerical simulation
of ice accretions on an aircraflt wing[J]. Aerospace Science
and Technology,2012,23(1):296-304.

FEIR LI S5 PIOHLURS 1 RO I e BT 9 (D). 1 50 5t
AR K2, 2016.

YAN Xiaoxue.Research of surface roughness and convective
heat transfer on airfoil icing[D]. Nanjing: Nanjing University
of Aeronautics and Astronautics,2016.(in Chinese)

YAN L,CHAO W,CHANG S N, et al.Simulation of ice ac-
cretion based on roughness distribution[J].Procedia Engineer-
ing,2011,17:160-177.

KEVIN I, FRANCOIS M, HELOISE B. Sensitivity study
of ice accretion simulation to roughness thermal correction
model[J].Aerospace, 2021,8(3):1-20.

AUPOIX B.Improved heat transfer predictions on rough sur-
faces[J]. International Journal of Heat and Fluid Flow, 2015,
56:160-171.

MORENCY F, BEAUGENDRE H.Comparison of tur-bu-
lent prandtl number correction models for the stanton evalua-
tion over rough surfaces[J].International Journal of Computa-
tion Fluid Dynamics.2020,34(10):1-21.

MARELLI S,SUDRET B.UQLab user manual-polynomial
chaos expansions[R].Zurich:Chair of Risk, Safety and Uncer-

tainty Quantification, ETH Zurich, 2015.

[98]

[99]

[100]

(101]

(102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

KATO H,ITO K, LEPOT . Sensitivity analysis based on
high fidelity simulation:application to hypersonic variable-cy-
cle engine intake design[J].International Journal of Engineer-
ing Systems Modeling and Simulation,2010,2(1/2):38-45.
SALTELLI A, TARANTOLA S, CHAN K. Quantitative
model-independent method for global sensitivity analysis of
model output[J]. Technometrics, 1999,41(1):39-56.
SOBOL’ I M.Global sensitivity indices for nonlinear mathe-
matical models and their Monte Carlo estimates[J]. Mathe-
matics and Computers in Simulation, 2001, 55 (1/2/3):
271-280.
BSCE BRI BB, B UKRHLE A AR 5
HeBERTFE[T]. el 5 P B, 2021, 36(6):1415-1424.
XU Wenfeng, LI Yinghui, YU Zhilong, et al. Envelope pro-
tection and control margin of icing aircraft[J]. Control and
Decision, 2021,36(6):1415-1424.(in Chinese)
B PR Xk A DO 3 A R ) 3R Y O R
PERE WA 53 7 (7], 28 3 J1 27441, 2021, 39(1):59-65.
HUANG Ranran, LI Dong, LIU Teng, et al. The effect of
ice accretion roughness on airfoil stall characteristic[J]. Acta
Aerodynamica Sinica, 2021,39(1):59-65.(in Chinese)
PAPADAKIS M, ALANSATAN S, WONG S C.Aerody-
namic characteristics of a symmetric NACA section with
simulated ice shapes[R].ATAA-2000-0098,2000.
DEGENNARO A M,ROWLEY C W,MARTINELLI L.
Uncertainty quantification for airfoil icing using polynomial
chaos expansions[J].Journal of Aircraft, 2015,52(5):1404~
1411.
DEGENNARO A M. Uncertainty quantification for airfoil
icing[D].Princeton, US:Princeton University, 2016.
TABATABAEI N,RAISEE M, CERVANTES M J.Un-
certainty quantification of aerodynamic icing losses in wind
turbine with polynomial chaos expansion[J].Journal of Ener-
gy Resources Technology,2019,141(5):1-17.
BOSE N.Icing on a small horizontal-axis wind turbine Part
1:glaze ice profiles[J]. Journal of Wind Engineering and In-
dustrial Aerodynamics, 1992,45(1):75-85.
HOCHART C,FORTIN G,PERRON J, et al.Icing simu-
lation of wind turbine blades[J]. ATAA Journal, 2007,2(3):
876-883.
EWAR, TAESE, B AUE A AL R XU HLEE B 25 oK
XS Bl R 2 S [T ] XL A L 2020,62(2):59-66.
WANG Xiaodong, YU Jiaxin, FANG Daibao, et al.Investi-
gations on the influence of icing on aerodynamics of wind
turbine airfoil under stochastic wind conditions[J]. Chinese
Journal of Turbomachinery, 2020, 62 (2):59-66. (in Chi-

nese)

(4R M)



