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Preliminary study on influence of icing cloud parameters on
ice shear strength on solid wall

XIAO Chunhua'?, LIN Wei’, YANG Shengke’, GUO Qiling”

(1. State Key Laboratory of Aerodynamics,
China Aerodynamics Research and Development Center, Mianyang Sichuan 621000, China;
2. Key Laboratory of Icing and Anti/de-icing,
China Aerodynamics Research and Development Center, Mianyang Sichuan 621000, China)

Abstract: The ice shear strength test equipment was established in the test section of ic-
ing wind tunnel, and used to measure the shear strength between ice and solid wall of air-
plane. The reasonable range of ice shear strength was obtained. The ice shear strength
measurement was implemented in test section of 0. 3m><0. 2m icing wind tunnel. The influ-
ences of icing cloud parameters on the ice shear strength between ice and solid wall were ob-
tained. Research showed that the maximum value of ice shear strength appeared when the ic-
ing environmental temperature was between —15°C and — 10 °C. The higher airflow speed
indicated the larger impact force of droplets on solid wall. The gap among droplets was easier
to be filled in. Thus, the ice shear strength was increased. The minimum value of ice shear
strength happened when the mean volume diameter (MVD) of droplets was near 35 um. The

ice became compact and the gap among droplets was smaller along with the decrease of
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MVD. And the droplets easily spread out and were difficult to be frozen immediately. The

ice shear strength increased due to the filling of gap among droplets.
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icing wind tunnel; shear stress; airplane de-icing

TRBLES DK AL A AT R A7 AE 9 ) BB
Z.o WAL RIS A KRR BFE SR KT = = )
o AE AL 4 2 v )R LI 3R Lk gl
BUR 1SR S TR0 R AR 5 KB R o S5 0K TRAT
LR AR, AU BRI TR
fESE CHLAR AR ) 22 Rl I PR R R B 2 R
FTRIERAE RRUE PR BRI TR E A4S Ik B B2 P B
RHLR AP A TR S

ZEUKRIRAT T 128 ALV K . 0 ATE 25
Dy B UK i R TR A e T B Rk R . H
AT CHIL AR B B 0K A% 48 38 1 SR I A st 7 g
7 » i 1 BAE 1) A% 1 s N T 9 £ 3 R 2 i
L5 UKL VIR RV EY L BEVE . AR R KSR
HLA T 119 (¥ BE 22 18] 77 75 — JZ F6 B 5 100 ROPL Y B
VKL S0 T2 i A X RE BB RE 31 285 T 5 T . o
AL B B, ALK 3k B BR K ) H 9. FABR 7K
7 A 52 B 9 A 1 A i AR E S B8R Sl
1 H A A A S AR 3 A i A A 2
G T A s HIUAR BR K 7 3 i A e ik iR 3 5
BUBRAIR 30 50 sl 2 PR AL e i g e 28 R etk
SR HILBR Bl g U5 T i A BIL AR RE RE 2 I S
TR 2 AR B o bl b AT L B UK 5k 1Y e O B A
Uk 30 B0 T R Y 5 o R i A B R AR Y B
CRLFE BN T R T DK o) 266 R i 52 246 R 5 i gl 2
BBIR o DRk, VK TCBILSE B b T 1 8 B o
JRE 2 41 AR 286 R 5 TR )16 5% = 00 R R A A T
o0 B 107 7 -5 06 R i B R AT EC A T LA T 24 B T
JE TR AL I IR RHLER vk fie g KLl B A2

WFFE vk 5 1] BE 18] 26 B 5 S5 04 5 &6 £ 2 W
Fift s — SR KRR BV R s IR A5 vk XU o H T4 kX
] PR SR PR 7 S OB B v T A A B 35
T RS oK -5 T RE A 24 R R R A 3R SR A
AIF 7S N D3 35 2 P 2 b A0 3 152 9 o 4l K 45 DK R 2
B 58 B AT T S R

Jai A o A5 UK IR 72 3 A8 8T — A 5 UK 5 L
R[5 5 B o B2 110 90 47 B8 A o X P B 2 T DL AL i
23 AR BR T AT IR A 1F A0 = 25 45 1 T LA
B AT P 45 KRR 8 02 R AT S BT PR UK R 48
A ISR UE T H. e, BF 5T N 53 A 4
UK IRGTR X A [R) 45 DK 0 5 3l JBE IS K & i 2R R T

(1 K66 R 5 B2 R AT T S A A AR R
VK 5[] R () 288 R 5 B 0% W0 S L I AR 2 VK
JRGIR] S 58 P 4 4 7 1) s ) S 56 BB ) ok i 4% A
M55 5%k, Bk, HArvk 5 R R =) 2 B s
St ASTE S5 VKRG 5256 BE Y R AT L I 2 4 45 0K S
SIS B UKAR SO FE T D . AL BESE A
7038 3 33K ol 24 Pk XGRS 56 5 R T v R i
14 B V) 7 B3 BE &5 L 7E 0. 27 ~0. 54 MPa Z [,
Mk —25 IR FT N B SR UK 5 S [6) BRI [ BE i) 2
B B AT T T R BLUK 5 4 R R R 1
Rl 98 B 5 vk 55 2R DU SR 2 0 4 ek T 1 28 A A
P, HE—2 BRI 45 UK R 52 36 3 58
THIVKRIFR VKSR T vk 5 S KLY 7075 A
BE bR i) A el B 5 EC

Bk T R 5 22 Ak . oK i H At ) 1 S Bt 2
TCHLER VKAL) S ZEAF S N2 . L, oK AR B
SRR EARSE UK 5 K b R 2 8] AR B
LR

Bl 1R A SCRILARTAF 52 19 23 . RUORS 45
AL, VK 2= Z5 A58 19 45 vk KU A L kA8 5098 PR 78
RO FEAFAE R 0] 82 < 7R UK AR B8 2 1Y AR 36
Berp oA B B SR 45 vk SE e AR L R Rk
A R A A A A5 N B R 5 A K T R
BE . BAREE VK R AT LUK i RS 45 0K = %5 5
QR ER A SRR A A ST S DR g RPN
45 oK XU 52 36 B B S R AL 2 vk A8 58 R Y

|
| vk LTk IRUR
Y
:le . ¢ _ ¢
gl [ kR Bt
AR Y ar Y dis
T | !
[EkE R |, TR SR B
| [ R Rk A

I
o [BETERE K
SRR WG

TR B
it K B

T AR SCR AT F 50 09 2347

Fig. 1 Sketch of analysis on present and early researches




5% 12 3

4

H A5 50K 55 2 JO0 vk 5 (8 BE (8] B D55 52 82 1R ) 25 BT 58 2629

IR IR 6 F B 0 0 2 AT A
b A2 8% Bl S50 A Y f) i A oh L AR A B R R UK
o0 B S TR [0 [R] B A RS B S 0 R B o A
PRI R 2 e AR A 3R R AR A A Y B
o3t P B 2 T S DK b BRI X A D A
Je BT I0 H p 286 T 5 R A 15 2 R

HET 1 ol ST T2 UROX I S 6 B Y 7k B iR
JEE N e S mT DL A AR A5 KRG S 5 BE N
TEIEWTFT o 1 ASALKE 46 5 52 56 1 I AR » i 23 B AR 5K
A5 TR B Bl 2o 5 T UK B T ) A R e KT
V28 PG 0 B B 32 00 o A R 22 R . T LA AR SO AR R
IS vk X 9 52 96 07 3 S S T 46 vk B 1 K 3
I 5 FEE 0 S 6 2 R A 2 K X S e BT
JE& T K5 1] BE 18] 2 B o 88 A 0 2 OF 5 L F S T A
[ 45 UK 25 55 2 B0 DR B 5 B2 B4 52 )

1 HRFAE

1.1 XLWiEH

FIH 0. 3m > 0. 2m 25 vk KR A Ry AR BiF 98
(S5 & 32 45 VK R 7 [l 3 X8 XL T 356 it
I TS SE Ve SRR R G AT DU )1 48 4 B
Wi 2 S i 5 & il . ARSE 5 7E
0.3m F£.0. 2m {5 .0. 65 m K A9 52K BE N IF i, Bt
RSk 3 BB T 3K 200 m/s. 3% 4% vk KUIE A i R
P AV 55 45 £ B R it T 9K gl XU P A A
DA sl . 78 & 4 %2 6 16 WU B 1l 1%
DRI P 4 25 S8 S DA HEAIG TR G B 5% , S 86 B 1)
BRI E AT LA GA 3] — 40 °C L W 25 H 22 25 7R 45 Uk
DRI A% B P AT DL 7E S 56 B A I ol i 5 B2 Y
LKA FE SRS KGR0, 2~3g/m’ , FF
KT E AR 10~300 pm, L IER i . L5 B
NI 5550 A5 X ] 3k 60 % 525 B i A i i
UL 2 J2& 0. 3m X 0. 2m 45 vk KU Y R 2

Evaporator

/ Turning vanes

1.2 XWHE

FET0.3m>X0. 2m 45k XU L8 B i@ sr T
Pk 5 [E]BE (] 2 R 5 18 Y 5T ) 5 3 0 S 50 ke
Pl 3 J S0 0w e BN B o AR TN LA A
B PL I A% it g LA A5 . e A [ A A
LA G R I v I 1 e [ R X
F 53 B 5 DA SR B K 5 [T BE 22 [ A ) 88 2ok A

Bl 44 TR RER. Kb, kAM
DX SR IS B 11 T A A1 R A AR 1 i 2%, T
B BR B 25 I 1 2L VR KT o HE 4 N TR A A
)48 BR R o K 0 DX AR 8 A B A A AR, 3 2 25 0 [
FEASLTY , P 5 A 55 41 2 0 [ B 2 () B E 45 » 86 111
B/NF 0. 1Tmm, K4 A0 B AE A 224 F0. 3m X
0. 2 m Z5 UK KU 9 SERG BE 1Y .

B 5 2 ik 45 vk KU S5 56 B ) 285 B ik B ) ot
BE L NGRSy B AR R T i [ 8 AR R
FETIHR (4 4545 60 B FF 5053 5 s ) 4% 8 o 5
Titi AT ) 0 22 2 [ % . P ) A IR RS
AV R o T B 45 110 I g A SR e R A AT T IR
IREE b3 A2 o it T LR S e A SR A =X T3 g
BURS AT LAB RT3 0 73 LARS i 5 9] 4z i ao 72 1
BT o R FH e A R B SR 4R e X S I B A R AT
KA.

FE I 8 pK 5 [ BE 22 18] 06 6 B ) 22w, 2 203
T 45 vk KU 52 55 B 76 AN 155 25 R A8 B IR TR A B8 R
X PN AN B AR TR 22 i) ) JEE 4 ) AT R . IE 2K
S 56 0] S 1 0 8 0 e 2 E 4 ) A S VK [ BE 22 (]
G B

R RSN R S & S LN TR I DA G
6 578 45 vk KGR 1) SE 36 Be AT . B A WER N
A B FE AR T 2% i YSCHE 7 T [ 3K 3 S 56 BT
(45 VKB ) 5 o By b A5 0k W8 25 45 1k il O XU e
AR RIS RGas L DURIE 25 BE N Y R BT IR

Driven fan

«—— Airflow

<D /)

Refrigeration |_|
system

Spray system

Test section

Contraction

Settling section
chamber

K2 0.3mX0. 2m 45K XU 1 7R 2 K
Fig. 2 Sketch of 0. 3mX 0. 2m icing wind tunnel



2630 it =

DA LRI

FEAASAL . LU, F T e e SR AT 2t T WL 328 i
DN TRZIENA G DR e B - R E B BT
K R F G S B )L S g I vk R RE
[F £ 28l B 55 S5

Force
measurement
equipment

Upper plate Upper joint

[

— /
. Ice
Airflow __* _ Adhesion

——— interface

Inner model

——  Collect Outer model
—_— WindOW/K /
Lower gap___\
L ]
Lower plate Lower joint

Bl 3 S ERE R
Fig. 3 Sketch map of test device

Inner model

QOuter model

Front view Side view
& 4 SEBRR R

Fig. 4 Sketch of test model

&5 T 45 ok X S 5 Be ) 0 B i 8 ) 4o
Fig. 5

Adhesion strength measurement device based

on icing wind tunnel test section

2 EHRMIH
oK 55 [0 R 1 45 S50 0 )9 o K

e

TW:LXR) (D

Horp FoJ2 BT O] A o 7 D S A B RSB )L F
ST HNBIAE R R 2 ] Y EE 452 L A vk [ BE 22
(5] 255 B 5% T 14 T A AR 2 3 v, BT B T 1T Y R
T AR T AR w 3R [ BE

& 6 J& N A1 B AT A A R T 45 VK B R, AT LA
B XU Y 25 oK T AR L A K R
Fil 2 6% 1T 0K 5 [ R ) f) A B B0 S g . Horp,
6 H1HY V' Doy «Cuw v2 73930 9 2K 3 3 FE (velocity)
SEH4 7K % B 4% (mean volume diameter, MVD) | I 7%
7K & & (liquid water content, LWC) #1145 ¥K ¥ 5% I
J& (temperature) , kb 4245 pK B [8] (time) ,

1=-10C 1=-15%C
() V=65 m/s

1=-5C t=-20C

V=70 m/s

=50 m/s 1=60 m/s
(b) r=-10C

Bl 6 Py LA B A A% 7R 3R T R 2 vk
(Dyy=39.5um,C,, =0.97g/m’ ,k=120s)

=40 m/s

Ice accretion on surface of internal and external

Fig. 6
cylinder (D,,, =39.5um,C,, =0.97g/m’,k=120s)

P 7 2 Y UL A SRS T e D S
8 10 R Ik ] 7 7 a4 e BT 3 L BT BT )
oA R LA T, RORAER B oM & BB T
Jeiy v FD s AR 33K S D e A Jey R 2R T s Y
LR, oK B ] (3 % B 5L i 9 R S AR 5 4 )
B R BTV RLAR T (0 2 W K SR ) R
FR 8 R+ 24 38 B i L STV [ O & 13 ] X
Foh B BT 2 50 4 e A R B TR UG L G I AR A Y 5 1)
3 RV oK R B 5 T e A e 4 kS I B RS ES g
Forp B 7 g F o 5T U1 R G S R L
b 22 A5 5 A 6.

P 8 25 Hh 1 0 DI Aol i ol 1) DK = 8 2 IR
Firo ATLAFE 0K 00 RS B 07 B 0 R A A 19 R



H A5 50K 55 2 JO0 vk 5 (8 BE (8] B D55 52 82 1R ) 25 BT 58 2631

%123
350
g 800
250 600
£ z
150 Z 400
50 200
i g gy mEE gy 0 D P
0 20 40 60 80 0 10 20 30 40
kis kis

(a) r==5°C, ’=65 m/s (b) r==10C, V=65 m/s
300

300

200
z
£ 200 Z
100 100
0 =T g ; Upme=te: o T
0 10 20 30 0 5 10 15 20 25
kis kis

(c) 1=—15°C, V=65 m/s G 1==20°C, V=65 m/s

i L

300 %gg I
£200 Z 3001
2 3

100 138 I

0 0k

0 10 20 30 40 50 60 0 10 20 30 40 50 60 70
kis kis
(e) t=—10C, V=40 m/s (f) r==10"C, I'=50 m/s

800
£ 400 £ 400
200 200
(1} e B MWl o oS 0
0 40 80 120 160 0 10 20 30 40 50 60 70

kis kis
(g) r==10C, I'=60 m/s (h) r==101, V=70 m/s
7 T IRL AR AR R R g i ] A
(Dp =39.5um,C, =0.97g/m’ ,k=120s)
Fig. 7 Time history of peeling force during shear tensile

process (Dy, =39.5pum,C, =0.97g/m’ ,k=120s)

P8 O L fe i Y o A

Fig. 8 Ice fracture resulting from shear tensile

ANAI B AT $2e i 1) B o DX Jek . 2 B AR DY
DIRL A e v URAE 3K 8 A DX IR A 5 & A L T
R BLAR BT L B TR 0 AY  2E  RH L Y 3 Rl
Yy BLR AR 7 v BRSO ] g Ay 2 e B

TR IE .

TEH L K5 [ RE [R] Y 25 B R RE S o 1) A L
i B2 AN 1) (9 B D)5 RE L 3k 1) B A g R G
KT 1.0 MPa, i 78 K F U] 1] 1Y 87 P s & . % T
TRATLBR UK 2 B S ) R 8T D) 5k B SE A S
% v . B UIVE R AT LA SE B vk 55 [ BE 2 1) 1 341
PRI IHG & A 592 56 >R FH e R DT 2 1 i D) of 4] e oK A5 [
BEZ RS R AERE .

T 2= Tom (2)
Hrp o ARV 7, T AR max £oR R fH .
2.1 ZHKINEIRERFN

25 UK I BE 1 B AN 23 5% ) 3ak v 7K 5 R LS
UL 2Z 8] 1) FRAZ 8 o 1 H. 23 52 e 7K % A [ BE 3% 1H Kk
HE VR EE R 27 o 33wt 23 R VL A 5 i oK 5 [
B (1] 2685 S % T80 S FL AR 7

B9 25 i 1 AS R 45 DK BR 5 3 B T DK 5[] BE [
ZEBR S T R BT U)o, LIRR A AV =65
m/s,D,,, =39.5 pym,C,, =0.97 g/m’, k=120 s,
Al VAR B 45 0K 90 B il B2 AE — 12 °C BiE i if 4 B0 8
I iR FE A AR s 24 25 DK R B W B2 2 0 0 "C B i, 8
Yrom B8 B 2l R BE. S K AR EAR T
—12°C , 3y G) 58 B R B TR B

550
500 |
450 F
400
350 F

= 300 F
250 F
200 F
150 F
mn'-l...l..l.l..l..l..z L

=20 -18 <1§ -14 =12 <10 -8 =6 -4
G

B9 N[R S vk B B T oK 5 ] RE (8] 2 B 53 i 1

oY ) 5 BE

Fig. 9 Shear strength of adhesion interface between

T /kPa

ice and solid wall under different icing

environmental temperatures

K10 25 1 AN [R] 45 ok 20 35 30 B2 T 266 B 9 T
(5 U KL LA, T AT AR S R AR AT A AN [
S5 UK PRI IRLBE T Y 286 B o R A Al s # 5 SOk (10 ]
0 52 36 45 R A 1 AR AL 8 B 5T 1 5 R AR R A 4
VKRS IR B Y AE — 156~ — 10 'C Z [l 2 45 UK 3F
B B A3l 0 °C I B U 5ik B X B SRR R 1Y



2632 it

¥

3

DA LRI

PR . T ARSI B0 B ) R AR 4 K
JRTIR] #9536 B P A AT BT 3 B 17 5 36 A6 2R % 5y
P R 73 A RIS 2R B A 1 189 N D BB IR AR S B AR A
P9 B 47 58 J3E R AL HE 225 SCRIR 4 3 A 31 4 K 2
0. 1 MPa, #1045 DK B LA 22 1 2°C i fq

600 - g pressure result
—-=&-—- Result in Ref.[10]

500 |

100 F

0= :
=22 -18 -14 -10 -6 -2
1

10 AN [) 25 K BR 35 it JBE  Z86 T A% T ) B9 170 5 B LE AR
Fig. 10 Comparison of shear strength of adhesion
interface under different icing

environmental temperatures

P11 25 T 4 K i 5 X B V1) 5 52 5 i
MM R IR .l T KA AR S S5 R 2
E » AE AR P15 H 7K T A2 DR AT TR — S 1 R 4
A R I K i B A I A I AL TR S Bl ) 2R
iE 7K B4 A2 T AT L SEFE K 2 8] F 1] Bt s BT —
SE AT AR VR 2 S AR RITAE T 3 R 19 3 45 . AR
AR R Bl Jy 28 1 A X R I UK [ R
[F1) 8 B 588 56 1) i O B PR 3K AT MG 0 T A ) 45
VKR BE CLE AR T —20°C) . P B AR /N T 40
ey (9 KGR o A6 $8 ol ) [ BE S TA1 N S ply TR A KRN
FAt K e A2 5 JF stV A 2R T R4 R AR R
P R 25 30 3o AR 3 B 1 K 5 KT 2 TR A AR —
AL ] S 17T K 46 1] B 52 W DK [P B ] 2 B 5 52
SFYES RN R R R . X S [ B AE A
30K (¥ BE (8] 19 BY D) 56 5 S M0 T o

Temperature Temperature
sufficiently | £, <40 um is not enough

B =
I D I

t=-20C 1=-10C t=—01C

P11 45 kR 35 TR 0] 8 U7 5 2 5 e MR A 23 A 7 TR
Fig. 11

t=-15C

Sketch of analysis on influence law of icing

environmental temperature on shear strength

2.2 kmEERMN

S it 3 BE AT DA RE i sk v 7K SR e S i B ik
T B A2 T8 VIR L S O 45 3 J1 R AE L R R
JK I 45 o ) [ RE 2% 1A RO AR A BN ) A R
AT 5 Wi DK -5 [T B[] 2 Jos e ek B 9 1

12 g5 37 AN 6] ok O 3 B2 T vk 5 [ BE [a] 1
BhBTOR R, SR K Rt = —10°C, D, =39.5
pm,C,=0.97g/m’ . k=120s, 7] LK I, > i
JEE R, v [T RE ] Y 5 10 5t B BOK

450 -

400

350

300 F

t_/kPa

250
200 |

150

100:..1“ N PPN (PO (PEPIPRP (PUPEPEPS PR |
40 45 50 55 60 65 70

Fi(m/s)

12 AN [ SF 38 3 BE T UK 5 1 B I 285 R S T ) B 4 o
Fig. 12 Shear strength of adhesion interface between

ice and solid wall under different airflow speeds

P13 e R 3 3 58 Xof 0 1) i 58 5w AL A o A
7T P o R IAL T R R A ) i R 3 [ BE 1 15T
VE 7 B 7 R S e A Al 5 T AF Sl
AT N SR LR A ) $E ST K 22 T ] B R
R JEE 5 SR A AR AR BE O AR PRI R I R 1Y 3
T foE A5 5 T R ] () 6 R 56 J3E L2 B LY L9 11 3

—~0O0

Incrcasmg] D, <40 um
l' O

PR 13 of Ui 3 J3E X 266 B 5L T ) B D1) 58 132 52 ) L 7
I3t B
Fig. 13 Sketch of analysis on influence law of airflow

speed on shear strength of adhesion interface



%12 H A5 50K 55 2 JO0 vk 5 (8 BE (8] B D55 52 82 1R ) 25 BT 58 2633

PN K
2.3 FEHKBEERZI
-S4 K B R TR Ve K RN XA
SR 23 5 00 3 ¥ 7K T A B BE S 02 Bl i v
98l g 2 AL 23 5 0 K T T ] BE 3% T R 45
ATy 2 B S DT 52 00 0K 5[] B (] ) 5 BT
P 14 J2 AN [F] - 24 7K BAR T UK [ BE 8]
B AL TET Y BT DD SR BE L SRR A5 0= —15°C L, V=
65m/s,C,=0.97g/m’, k=120s, WK " H, 7T
I -2 BLAR 35 pm Tl 2 B T B ) 0
e/ MA .

400 -

350

300 |

t /kPa

250

200

150 Lt (] L ] 1 ]
15 20 25 30 35 40 45 50

D /um
B 14 AS[EEK AR R vk S R RE R 2 B A A
oY ) 5 BE

Fig. 14 Shear strength of adhesion interface between

ice and solid wall under different MVDs

P 15 P24 K i BLAR NS BT U 5 BE 5 e KL
S HREIE . BTN 35 pm BKTEIE TN K
CH 192 % SCHORE /N T35 e 19 2K 75 8 /1 7K
T« /N JK i 1 X AR B/ DN L 2K 18] 1 18] B8
DKUR 20515 0 50 o8 A5 K B D7) 9 38 9 R . T R
T 35 pm WY ARG B A KK 1 3l 1 2 R AL K
T EAROR OB 5 R TR AR
VRS K 1 4 18] B 7 5 SR A AH L P 3 AR

Spherical Droplet
accumulation deformation

m B B B
| 1 L

D =20pum D _=30um D _=40um D _=50um

=-15%

15 SF-X KR AR A BY U] 5 R 5 e ML o A R TR
Fig. 15 Sketch of analysis on influence law of MVD on

shear strength

IR RZLE oRi0R: NS

Pl 16 2 S92 16 A58 80 2 AT DK I T SOUL 245 44 o T LA
B B K A R AT A AR 22 B/ 9 23 BT B 28 S
Je T K o S B Ok S B
11135 B o0 23 U B A AT 5 K Z 8] T T
ZE PRSP B G B A5 DK BRI i AT
SN Y A » 5 2 DK B 85 3l P T T R A — 15~
—10 °C Z [a] I 35 0 3 ¥ K 2 e AR A5 O AR B
G KK 5 7K 2 18] Y 18] B 2R AT SR L 45 7K
557K 22 18] # 18] B/ 1 AR 22 . ATE S I 1 ok 5
[ B [F1) ) 66 B 5 B o T 45 DK PR BRI B2 FE O 0 °C
I 8 SR I 22 [] Y 25 Bt B 2 5 B TE  (HLK
R R RZERY . FBRELSBAE R
30 DT S FT AR 1 286 A 5

P 16 S U A5 Y 32 T vk P9 AR ROV 46 4

Fig. 16 Micro structure of ice on the surface of test model

3 % i

2 SR 45 U R 52 57 3 R BT 55 T
L T v 5 e ] R T 0 09 ) L 7
T RIS vk 7 % 280 vk 5 [ e ) 5 B 8 140
YV A LML A R 0 45

1) 2445 kR L A — 12 °C MR L vk 5 16
W ) 0 703 I MR KA 5 24 45 0K B 4 0
0°C , B 41T FE 11 B 2 F e

2) WH K A 35 pm WHE AT K 5 A
W ) 05135 £ BB /N8 6/ S T 34
S R AR 0 D41 9 O

8) R [R)SHe  JEE  E  UK 5 [ R £ 9 )
S, I 2 9 B 80 S 5 (0L M
AL R

T A5 2 VI A OO S 8 L
HEAT S TR B 407
st

A o [ %5 B J1 BT 5 T oL T 5
BB S 5

S 3k

[1] KINDR J,POTAPCZUK M G,FEO A,et al. Experimen-



2634

LRI

[6]

[7]

[8]

[9]

[10]

tal and computational simulation of in-flight icing phenom-
enal ] ]. Progress in Aerospace Sciences, 1998, 34(5/6):
275-345.

LYNCH F T,KHODADOUST A. Effects of ice accretions
on aircraft aerodynamics[ J]. Progress in Aerospace Sci-
ences,2001,37(8):669-767.

KEVIN R P,CAROL D ]J. A statistical review of aviation
airframe icing accidents in the U. S. [R]. Washington DC:
National Transportation Safety Board, 2004,

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

WAL R BT E, S R BRI R S
(J0. Wi zs 3 J1 244 , 2008, 23(10) : 1753-1758.

CHANG Shinan, Al Suxiao, HUO Xiheng, et al. Improved
simulation of electrothermal de-icing system[]]. Journal of
Aerospace Power,2008,23(10) :1753-1758. (in Chinese)
N B BRST AR S4B NN R AT IR KR 5
FRBELT]. A as 85 12444 . 2009, 24 (11) : 2495-2500.
BU Xueqin, LIN Guiping, YU Jia. Three-dimensional con-
jugate heat transfer simulation for the surface temperature
of wing hot-air anti-icing system[ ] ]. Journal of Aerospace
Power,2009,24(11):2495-2500. (in Chinese)

UL RAER R K b R K 2R G Y B UK S5 g5 B
BOLT T A28 3 1 %4 . 2012,27(2) :350-356.

LI Qingying, ZHU Chunling, BAI Tian. De-icing experi-
ment and numerical simulation of the electro-impulse de-ic-
ing system[ ] ]. Journal of Aerospace Power,2012,27(2);
350-356. (in Chinese)

JELLINEK H G. The influence of imperfections on the
strength of ice[ J]. Journal of Applied Physics, 1958, 27
(10):1198-1209.

REICH A D,.SCAVUZZO R J,CHU M L. Survey of me-
chanical properties of impact ice[ R]. AIAA 94-0712,1994.
SCAVUZZO R J,CHU M L. Structural properties of im-

[11]

[12]

[13]

[14]

[15]

[16]

(171

(18]

[19]

[20]

pact ices accreted on aircraft structures[ R]. NASA Con-
tractor Report 179580,1987.

SCAVUZZO R J,CHU M L, Ananthaswamy V. Influence
of aerodynamic forces in ice shedding[J]. Journal of Air-
craft,1994,31(3) :526-530.

STALLABRASS J R,PRICE R D. On the adhesion of ice
to various materials[ R]. National Research Council, NRC
No. 6980,1963.

PHAN C L,MCCOMBER P, MANSIANX A. Adhesion of
rime and glaze on conductors protected by various materi-
als[J]. Transactions of the Canadian Society for Mechani-
cal Engineering (CSME),1976,4(4) :204-208.

DRUEZ J,PHAN C L,LAFORTE ]J L,et al. The adhesion
of glaze and rime on aluminum electric conductors[ J].
Transactions of the Canadian Society for Mechanical Engi-
neering (CSME) ,1979,5(4) :215-220.

REICH A D. Comparison of rime and glaze deformation
and failure properties[ R]. AIAA 91-0446,1991.
ANDERSON D N,REICH A D. Tests of the performance
of coating for low ice adhesion[ R]. ATAA 97-0303,1997.
BB SR TR0 48 IF 5 X7 FE Y K IR 2 B Tk A
RS vk KR 250 B Al LT 1. At &5 8 J1 % 4. 2018, 33 (3)
540-548.

XIAO Chunhua, CHENG Yao, QIAO Baoying, et al. Icing
wind tunnel test evaluation on anti-icing effects of hydro-
phobic coating on two parallelized square cylinders[ J].
Journal of Aerospace Power, 2018, 33 (3): 540-548. (in
Chinese)

VARGAS M.BROUGHTON H.SIMS | J,et al. Local and
total density measurements in ice shapes[ R]. AIAA-2005-
657,2005.

LIBBRECHT K G. The physics of snow crystals[ J]. Re-
ports on Progress in Physics,2005,68(4) :855-895.
HOBBS P V. Ice physics[ M]. Oxford: Oxford University
Press.1974.

(3. EZE2E)





