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Analysis on supercooled large droplet impingement. characteristics

and ice shape of two-dimensional airfoils

DU Chen-hui, YU Jia, LIN Gui-ping, SHENXiao~bin, BU Xue-gin
(School of Aerenautic Science and Engineering,

Beijing University of Aeronautics and-Astfonautics, Beijing 100191, China)

Abstract: Based on existing supercooled large droplet (SLLD) dynamic characteristics,
the effects of droplet deformation on drag were analyzed, and the effects of drag change, re-
bounding and splashing-6f SLLD on droplet impingement characteristics were analyzed by sev-
eral typical rebhounding/splashing models. The splashing model from software of FENSAP-
ICE and rebounding model from software of LEWICE 2. 0 were used to study the influence of
rebounding and splashing to ice shape. The results show that the droplet diameter distribu-
tion is influenced greatly by the breaking up before droplet impingement, which should be
considered in calculation of impingement characteristics and ice shape; breaking up, splas-
hing and rebounding of SLD results in the decrease of local water collection coefficient and
droplet impingement region; the splashing occurs mainly near the leading edge of airfoils and
rebounding occur near the edge of the impingement region; with the droplet size increasing,
splashing becomes weak, while rebounding is still obvious; the effect of drag change induced
by SLLD deformation on ice shape and ice accretion region is negligible; compared with the ice
shape without considering splashing and rebounding, the ice shape considering splashing and
rebounding is approximately the same at the leading edge, while the whole ice accretion re-

gion is smaller.

W #& HHA - 2013-01-28
EEB : L4 (20110503)
TEE R AT MR (1989 —) , % JATHL I N A B A, 32 T KL I8 vk 3 R B4



784 Moz B h %

529 &

Key words:

supercooled large droplet; empirical models; breaking up; splashing;

rebounding; impingement characteristics; ice accretion

KHLTE & A 2 ¥ KT 1 = 2 v /AT, 3 XL
P AT R R A A5 vk IR 4 L 1 T 52 i RALAY TR
FrbERE" . 35 BB AL 25 2% 1) RS L SRR R
1742 2 I KT A R EAR R 10~40 pm. 1994 4F
FEREHL ATR-72 KA RATHB 00 2B €LY
I T Ak 1) 5 DK R B v A7 AR DR RS 3 ¥ KR LA 1)
PRI AEPLEL 1 3% 18 Bj B vk X B AME i — 2
HARVK LA Z R B 51 & AT K
KR8 = 2B AR KT 50 pm A 7K.
AN TF) DR AU B i 1 v R B — i ROSE K R
KB TE Iz 3l A K fi < 2 72 v AT fiE 45 R AR AR IR Lk
fAE LS B DA R RO, X K A R R A AR K Y
el , $E T 52 06 1 25 K okOB B 35 KoK S 3L
2 235 VK™ H, 3 RS T R B 45 0K R i S BOL
I UIEME LU L 25 5) 77 A= & FOB AR I ok £ 52
mi RAL RSB PERE R RAT R AR

VT A [ AP X SR K T 1 o e R e A AR OB
P B IR B G 0 7 A LT R T KR e
53 T — RGN K IR AT R B
AKX g O R W R R T R i g
ARG E . T JLAE, [ N TR R K T B 5%
FETRIA% W H 7y B 1 ) XK T R
S, Ay vl ORI X 56 1 5 47 e BRI TR R
F 2 81 TAB(Taylor analogy breakup) B i
SRR AL, I 45 B RIS AT R K T 45 oK it 7R
HEAT T AL

R 1 o AR b S8 BRSO TR
S PG 25 5 Ve BE TH] KT 1Y BT A3 A, DY IG R 2 B
F% KK i 4 o Ao A b o B b A R G X BE T K
T REPE RS2 e ] A X R K R fE o RE T AL B
FR T Rt ss, B4 T &Mam AL WA
) 22 50 o8 IR TEAS R 56 45 08 45 2 19, 7T REAF
TE I L A [a) 8, AN — 2 3 T AL C AT 3R AR
HOROK T 5 UK 26 . T I AR SC L MS(1)-0317
BRSNS, A T ROK T I8 3 i 18 AR B
X BH 7 22 B0 52 o DL RS RE TR KT Y R A R
G AR o R B CE AR A R ST AE
Az s/ TR AR Y A5 B 1Y JRy K AR RS g
B AR TR R LS I g A ) 0 B A5 R AT
PO BT 43 W7 1 ROK G B 5 L R 3 52 %o 7K T 4
d REE RS B T A AR s Y L S DUS
WF KK B i, T R G2 4 BB 345 1 A 75 48 it

T WS, TR —E R T L R AE 8 R
/TR RYHEAT T A5 VR PO Y TE S T 1 KT
S TR B AR 0 PR Y R W

1 HFEER

1.1 BRI

KA AE 18 7 3 A8 b 23 77 2R AR B LB L IR
LRI A — R A Bl T 2E RN /N K AR
BB A IS . B LLES & 1 Ah KK % 3K 08
FVERIS A 5T o 76 SE AT K 1 o b R, 7 an
TR O AR IR 2SS BRCRORE T @ K
TERE TR SRR, S8 2 ; O K rE B g it 2 b o
JE % 5 @ 22 W 7K i 25 i D AL i T B 5 e s ©
A2 K Z ] (4 A B 52 5 © A8 25 R K OK %
JI s2m s Dz 8l o B, K IR R T DL R AR AR
s @ 7K 0 ey 8 3 ARG I 3 8 A 45
1.2 EHFRE

KA o R 5ROy R T R A% ) H
FRRRE . Pks B Bk 38 R /K R T 76 0 3 b 1
it B WAL 7K 7 B % S2 A8, 51 A KR 25 TR
S ARE A 3 Ak SR ik 7K A Y 3% B2 5 FE AN B
T A5 B A% A5 15 a5 B 7K 28 R 43 B50OR K i
JE A SR B RR B T  K  J  EEET

W7 3 T K 38 7K T 9 3% S 7 R N Bl i T R

f’}(pda)
+ Ve (paug)=0 @D)
i
dCpsauq)
——— + Ve (pranquy) =
dt
pdaK(uu—ud)‘deaF (2)

A o0 S K 19 B o KT I S BB w
SR KR R SR, S R R B w —
SR 7K S B8 AR X Ok L F O VR AR 7K L
A BREE 1 AN AR T s KR 23 - Bl 52 2 R

K = —Llpg e (3)
d

Horp g, BB IENE . D K EE, £ R
J1 R %, % Schiller #1 Naumann 5 %l 2 !
CdRe

== (4)
Hr G WBH I R Re ARX B g R 45 i
o Dlu—wl’

Re =
Hd



5 43

Fh SR A T AR SRR IR RS Ve K R 8 o e e S O 43 785

Hor g JOKTHB B o s R
BT % Hh Jms 0 T W AR B B i AU

B= a * "‘}m" (5)

A w J BE TET A9 7K 35 T R i m O BE DK 1] 2R
L Vo NI« K R X A AR
TUE X

@ == (6)

X o Y A L Y K A R S

2 90 UE R i 5 ) J7 R i 54 B B 5 3 KR
F $8 o 4 T BE A% RN R 2% 16 T B X 6 B0 AR 4 )
U T kAR TSR KT o R R T AT B
fy i A
1.3 KAKBRNRE

38 /N AR 1818 Bl R vh 32 A S U0 R
T 5K 745 T S BE A8 24 /K T 2 1 52 77 1A, Al AR s
K TE B Bh 3 AR v R R BRCRORE TR AL R ROK
T - K AR R AT 215 B0 AN BEIR 73R
T 52 347 o 25 7K i 2 T 5K ) A R ve iz 2= BT U
Jyit KT IR 2 e A2 AR A 5 e BRI 1) e [ AR o
P HL 28 25 R R R W LV 222 KRG Sl R
PO 5 0 K W e SRty 48 /K Jif BT A7 4504k TR 3%
5 71 Z [8] 1 5 &

oD lwy—w|”

We o)

Od
X oy oK 5K 7
K Clift 485 3 PERIRB 1 R 2L Copere F
i [ BB F1 R B Gl S 5070 A H 1 K T B
T7 F K 23 3 K i s O AR = () A B
1 FZFAATIEIE

Ca = (1 — & Gy gphere T €Caaisk (&)
Hr
e=1—(140.007/We)*
0. 687
24(1+0.15Re ) Re << 1000
Cd,sphert‘ - Re
0. 44 Re > 1000
9
0.792
641+ 0. 138Re™™) 44
Ca.aisk = mRe
(10)

1.4 KKBHEFRE
KoKz st B b, MR R R R — &
JEE 2 WA R /N 7K o T SR T KR Il B 1A

We, O K R K & 75 & A= . Ok e A A8 L fIR
VR IK I A W 8 I A LA RS 1 /N K . AR 3
Hsiang 45 Faeth™" f 33805 B, S /K T B 5 A9 1fe
FEAECH 13,2 We, >13 B, KK B A% L A2 il
(/N AR TR A Sl

B 0.25 o5
D6.2L& [MJ D, (1D
0 H

o Dy S0 U6 i R K AR . Vi 0 R IR K
i R JEE
1.5 RAKBRE/ CkEE

ANTR) T /N K i 1 ol BE T OROKR N E B
ANFRE P 1 o BE T B A AR P2 A — R A Y 3l
Py QVANE S-SR i <] IR N I DD AR $ 2
LU 1 TR . B S L /N A R T
oy BE TG AR5 D0 T o 7 L4245 R BE L 38 1 X
o7 488 ol 7 B A K W R S SRR I i JRE <l BE T
Ja s AR A5 B A BER , DL — B W0 A RE R RE THT 5 Bl R
S 5 20T f88 ol BRI 05 B A L 0 R AT X B
G A A 8 ol BE T G5 B AR RE L LS
WAL/ IN K DL — 52 B A TR R BE L X 4 A
B A RONEAE N B 1l AT R AR R R
TR 35 R A AK T Jm 150 A SO 461 % b AR 1
AR S A I B LB R AR B I B 2R L
e B i K i B B e TT T A 22 e a5 T
FE. AR SCE BT IR B R X R K WS &R
B0 A Y 1R BB R /N B B2 0 I B i R Y S
S/ TR TR (14 3 FH Y L SR ROK T A 45 KR I
B B 0K A (R T PR A — E A A

. . o\ o\
° - o. -
\ \ \ N
e e el
BB e i i

1 KoK gl 14 ek
Fig. 1 Dynamic characteristics of sapercooled

large droplets

1) KKk 2 s Y

F TR R 5, AR R TG R 4N R 4K
e S o 2o AR b oK BT B I IR A T
AN [ A5 280 35 F AN TRt 56 2% 1 DR I S ) A5 7R o 5
B TC 49 B B A — 5 1Y 22000, AT R A T A
WK R BIG 4 AR 455 LEWICE 2. 0
Je B R FENSAP-ICE Jiz 34 #9020, Bai and
Cosman J 3 #5 #1060 D) & LEWICE 3. 0 Jz 8
YT AR v K IR Y T A O DT o A8 R R B



786 Moz B h %

529 &

TR BT R K AR RER B .

2) KK G AR A

R K i R o BT R AR O B G L B 43 K
JIGE 28 L TR, AR % /K ek R R B 4 VK. RIOKO R TR
TG B JR 8 AR WS AR o 25 77 2 — IR O R
SR 7 ] 1 Jm K WSS R B A S A — T Y
Wi , 3 1 5% R vk . FENSAP-ICE & i £5 #8404
LEWICE 2005 K58, Trujillo & I 5 740
PLJ Honsek WAL RI b Bk I T o4 K
Wt 22 B0 LR B TR AR AE S TR] 1 3 36 2% 1
T TR R AR A A — 22 5 R rpoK
{18 B et 5 2R DA T o 4 2R 2R B I8 SR B 1 R i K
W4 R B R =, T B R 8 R R B Rk X
K.

2 EEHMESW

A7 35 F MS(1)-0317 35 B3 17 Ak i i o
PRSI AT . TE R A SR FH VK XU 3 56 3 SRR S
(WL D). KK R (MVD, #5510
H D)2 79,137,168 pm, K 3 2 FrR Y
K R o3

£ 1 MS(1)-0317 BRGFE RS
Table 1 Computational conditions ‘of MS(1)-0317 airfoils

Do/ WAKER/ mHEE/ B/ L

e pm (g/m") (m/s) \ O\ /K
1 79 0. 496 78.25 0 280. 93
2 137 0. 680 78.2b 0 280. 93
3 168 0. 747 78. 25 0 280.93

F2 KERTH%
Table 2 Distribution of droplet sizes
o i Dy /pm
No. H4rH/

% 79 137 168
1 5 9.136017 13.32621 15. 0874
2 10 22.39215 41.75555  52.53882
3 20 39.92843 81.43927  102.2525
4 30 77.47293 138.2274  172.0972
5 20 123.594 3 206. 7984  264.3778
6 10 166. 6061 285.2506  395.5832
7 3 206.4749 382.6111  530.8987
8 1 241.5367 471.4704  624.4741
9 0.5 270. 4389 534.0984  705.3605

10 0.5 310.3147 693.9445 1110.787
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Table 3 Computational conditions of NACA 0012 airfoils

WK v e
N Do/ Py LT/ B/ migiR moke
o. B N
pm ‘ (m/s) ) /K /s
(g/m*)
1 80 0. 86 102. 8 3.5  262.04 200
2 50 1.6 67.1 3.5 265.07 360
3 80 0. 86 102. 8 3.5  262.04 270
4 140 1.6 67.1 3.5 265.07 360
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